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 
❂ ❉ ❃ ➈ ❅➆❆✯➉ ✒❂❄❃❏❂ ✿◆❀ ❑ ❖❣❉■❀ ▼◆❑❨❫ ▲ ❂✛✥
❉ ❅➆❆✞❆ ❉●❋ ➐ ❉●❋P❀ ❃✞❫ ❋ ❖❣❉ ❑❨❅❁❃ ❋ ❅ ✿◆❀✯❉ ❪❿❂❄❃❱❃ ❋ ❃✑❃ ❋P✿❁✿◆▲
 
❂ ❖ ❂❄❅❇❆✯❫■❑ ❀ ❂✧➍ ❋ ❑ ➄➂❫ ➎ ❫■❑ ❀ ❂✔❪ ❀✯❉
✱ t
❆ ❀ ❂ ▲ ❂ ❋P❀ ❫ ❍❚❉ ❅❁▼◆❫■❅❁❪❿❂✛✔
✜


























































































✿ ▲❨❋ ❃ ❖ ❫■❃✯❃✯❑❴➄■❂❄❃✪➄ ❉ ❅➆❆✙❃ ❋P❀ ❆ ❉●❋ ❆ ▲ ❂✞▼
 
❂❈❆ ❀❱❋ ❑ ❀ ❂✛✔
✏
























































❂ ❖ ❂❄❅❇❆✯❃ ▲❴❉●❋P❀ ▼◆❃
✡
✥ ✌✹✔✖✚✫✮✳✌✽✒✤✔✹✕ ✗✙☞✧✚✎✌ ✜
✕




❂ ❀ ❑ ❋❁❖ ➐ ❉●❋ ❂❾▼ ❉ ❅❁❪ ❋ ❅ ❀ ✱❉●▲






❂❯➍ ❋ ❂ ▲❨❉■❀ ❃✗▼P❂ ▲ ❫❜❅ ❋ ❪ ▲
 
❂ ❉ ❃ ➈ ❅❇❆✯➉ ✒❂❄❃✯❂ ✿❁❀ ❑
✳
❖❾❉■❀ ▼❁❑❨❫ ▲ ❂✛✥ ✿ ❋ ❑❨❃✄❂❄❃❏❆ ❋ ❅◆❑❨➍ ❋ ❂ ❖ ❂❄❅❇❆✌▼
 




❂✬❃✯❆❏❂ ▲❨▲ ❫■❑ ❀ ❂✛✥❁▼❁❂ ➎ ❫✏✧❪ ❉ ❅ ❚✦❁❛✺P✾❬✼✿✺❊✾ ❆ ❀✭✒❂❄❃✆❃✯❑ ❖❾✿◆▲ ❂✛✔
✕ ✼✁  ✼✁ 
❁
✓ ✄☛✠☛✝ ✾ ❇✎✂✆✠❃❆✤❋✣✾ ❋ ✔✦✾ ❇ ❁✔ ☞ ✂ ✾✣❉
✝❛✓  
❂❈➄ ❉●▲❨❋ ❆✯❑ ❉ ❅✇▼P❂ ▲
✓
❫ ❍❚❉ ❅❁▼◆❫■❅❁❪❿❂❣▼ ❋ ▼P❂ ❋ ❆
 
























































▼❁❫■❅❁❃ ▲ ❂➃➄ ❉ ❑❨❃✯❑❩❅❁❫ ➋ ❂❯❃ ❉●▲ ❫■❑ ❀ ❂ ✿ ❫ ❀ ▼P❂❄❃ ➎ ❫■❪❿❆❏❂ ❋P❀ ❃ ❫■❃✯❃❏❂ ▲ ❖❣❉ ▼P❂❄❃❏❆❏❂❄❃ ❵






❑ ▲✪➈ ❫ ♦ ✖✙✚ ✵ ✖❈➁ ❚ ❫■❅◆❃❭❬✬❂❈❆ ▲ ❫ ➎ ❉■❀❱❖ ❫➂❆✯❑ ❉ ❅ ▼ ❋
✖
➈ ❃❏❆ ✒❂ ❖ ❂
❃ ❉●▲ ❫■❑ ❀ ❂
❲




❑❨❂✆❂❈❆✌❫ ❋ ➐ ❉●❋P❀ ▼
✓


























































➍ ❋ ❂ ▲ ❫ ➎➏❉ ❅❁❪❿❆✯❑ ❉ ❅✇▼P❂ ❖ ❫■❃✯❃❏❂➃❃❏❆❏❂ ▲❩▲ ❫■❑ ❀ ❂❣❑❨❅❁❑❨❆✯❑❨❫ ▲ ❂
❲ ✜✣✛ ✶
❬P✥ ▲ ❂❣❆✯❫ ❋
➌
▼❁❂ ➎➏❉■❀❭❖ ❫➂❆✯❑ ❉ ❅❻▼
✓  








➉❁❫■❪ ❋ ❅ ▼❁❂❾❪❿❂❄❃ ✿ ❫ ❀ ❫ ❖❜✒❂❈❆ ❀ ❂❄❃✬❑❨❅ ✫ ❋ ❂ ❃ ❋P❀
▲
✓
❫ ❍❊❉ ❅◆▼❁❫■❅❁❪❿❂✞▼ ❋ ▼❁❂ ❋ ❆
 




❂ ❖❣✿ ▲ ❂✛✥✭▼ ❋➃➎ ❫■❑❴❆✸▼P❂ ▲ ❫✧▼
 
❂ ✿ ❂❄❅❁▼❁❫■❅❁❪❿❂ ❀ ❫■▼❁❑❩❫ ▲ ❂✍▼P❂ ▲ ❫
✖✘✶✷✎
✥ ▲ ❂❄❃ ❀
 

















































➋■❀ ❫■▼❁❑❴❂❄❅➆❆ ❀ ❫■▼◆❑❨❫ ▲ ▼P❂
✠✐✉➅✩
❵ ▲ ❂❄❃ ❀
 
❂ ➋ ❑ ❉ ❅❁❃ ✒❫ ▲ ❫ ✿
 
❂ ❀ ❑ ✿ ➉
 














































❅P❂ ▼P❂❄❃❏❆ ❀❭❋ ❪❿❆✯❑ ❉ ❅✡▼P❂✢▼P❂ ❋ ❆
 
❂ ❀ ❑ ❋❁❖ ✿ ❫ ❀ ▼P❂❄❃ ➎ ❫■❪❿❆❏❂ ❋P❀ ❃ ✿◆▲❨❋ ❃ ➋■❀ ❫■❅❁▼❁❃➃➍ ❋ ❂ ➀ ❉●❋ ✚ ❑ ❖❣✿◆▲ ❑❨➍ ❋ ❂ ❋ ❅ ✿◆▲❩❋ ❃




























▼◆❑ ❀ ❂ ✿◆▲❨❋ ❃✍▼P❂ ➎ ❉■❀❱❖ ❫➂❆✯❑ ❉ ❅ ▼
✓  
❂❈❆ ❉ ❑ ▲ ❂❄❃✞❂❈❆✗▼ ❉ ❅◆❪
✿◆▲❨❋ ❃✔▼P❂ ❀ ❂✣➐❙❂❈❆❣▼❁❫■❅◆❃ ▲ ❂ ❖ ❑ ▲ ❑❴❂ ❋ ❑❩❅❇❆❏❂ ❀ ❃✯❆❏❂ ▲❨▲ ❫■❑ ❀ ❂❯▼P❂ ❖ ❫➂❆✯❑ ✒❂ ❀ ❂ ❫ ✿❁✿ ❫ ❋ ➄ ❀ ❑❨❂➃❂❄❅ ▼P❂ ❋ ❆
 
❂ ❀ ❑ ❋◆❖ ✔
✂
❂ ✿❁❀❱❉ ❪❿❂❄❃✯❃ ❋ ❃ ❫
❪❿❂ ✿ ❂❄❅❁▼❁❫■❅➆❆
 
❂ ➋ ❫ ▲ ❂ ❖ ❂❄❅➆❆ ✿❚❉●❋P❀ ❪ ❉ ❅❁❃
 




❂ ❖ ❂❄❅❇❆✯❃ ▲❨❉●❋P❀ ▼❁❃➃❂❈❆ ▼ ❉ ❅❁❪✢▼
✓








































➎ ❫■❪❿❆❏❂ ❋❁❀ ▼P❂✬▼P❂❄❃✯❆ ❀❱❋ ❪❿❆✯❑ ❉ ❅❜▼P❂☛▼❁❂ ❋ ❆
 
❂ ❀ ❑ ❋❁❖ ▼◆❫■❅❁❃ ▲ ❂❄❃ ❖❣❉ ▼ ✒❂ ▲ ❂❄❃✍❃❏❆✯❫■❅❁▼❁❫ ❀ ▼◆❃✌▼
✓  

















❫■❅ ➋ ❑ ❉ ❅❁❑
✳✵✶








❪ ❋❁▲❨▲❴➈ ❂❈❆ ❫ ▲ ✔✱✖✙✘✛✘✰✧■❬P✔
✂
❂❄❃ ❖❣❉ ▼ ✒❂ ▲ ❂❄❃ ❀ ❂❄➍ ❋ ❑ ✒❂ ❀ ❂❄❅➆❆✟❆ ❉●❋ ❆✴▼
✓




❫■❃❏❆ ❀ ❫➂❆✯❑ ❉ ❅✧▼◆❫■❅❁❃ ▲ ❂❄❃




❑❴❂ ✿ ❋ ❑❨❃ ❋ ❅P❂ ❫■❪❿❆✯❑❴➄✭❑❨❆
 
❂❾❃✯❆❏❂ ▲❨▲ ❫■❑ ❀ ❂ ❀
 
❂❄▼ ❋ ❑❴❆❏❂❣▼ ❋❁❀ ❫■❅❇❆ ▲ ❂ ❀ ❂❄❃❏❆❏❂❣▼P❂ ▲
✓
 
❂❈➄ ❉●▲❨❋ ❆✯❑ ❉ ❅
➋ ❫ ▲ ❫■❪❿❆✯❑❨➍ ❋ ❂
❲
❃ ❉ ❑❨❆ ❋ ❅P❂
✖✘✶✷✎
❍ ❑ ❖❣❉ ▼❁❫ ▲ ❂ ❉●❋ ❂
➌
✿❊❉ ❅❁❂❄❅❇❆✯❑❴❂ ▲❩▲ ❂ ❖ ❂❄❅➆❆❾▼
 
❂❄❪ ❀✯❉ ❑❨❃✯❃✯❫■❅➆❆❏❂ ❬P✔
✝
❫ ➎ ❉■❀❱❖ ❫➂❆✯❑ ❉ ❅✡❑❩❅❇❆❏❂❄❅❁❃✯❂
▼
✓  




❑❴❂ ✿◆❀ ❑ ❖❣❉■❀ ▼◆❑❨❫ ▲ ❂ ✿ ❂ ❀❱❖ ❂❈❆✪▼❁❂✍▼
 
❂❈❆ ❀❱❋ ❑ ❀ ❂ ▲ ❂✑▼P❂ ❋ ❆
 
































































































❂❄❃❣❪ ❉ ❅❁▼❁❑❴❆✯❑ ❉ ❅❁❃
❲ ✖P✶ ✎
➄➅❫ ❀ ❑❩❫ ❍◆▲ ❂❯❂❈❆ ➎➏❉■❀ ❆ ➄■❂❄❅➆❆ ➋ ❫ ▲ ❫■❪❿❆✯❑❨➍ ❋ ❂ ❬ ❀ ❂❄❅❁▼❁❂❄❅❇❆ ❪ ❉●❖❣✿ ❫➂❆✯❑ ❍ ▲ ❂❄❃ ❋ ❅P❂ ➎➏❉■❀ ❆❏❂
▼P❂❄❃❏❆ ❀❱❋ ❪❿❆✯❑ ❉ ❅❜▼P❂☛▼P❂ ❋ ❆
 





























































❆ ❀ ❫■❑❨❅➆❆ ✒❫ ▲ ❫ ➎ ❉ ❑❨❃ ▲ ❫ ❅ ❋ ❪ ▲
 
❂ ❉ ❃ ➈ ❅❇❆✯➉ ✒❂❄❃❏❂ ✿❁❀ ❑ ❖❣❉■❀ ▼❁❑❩❫ ▲ ❂ ❂❈❆ ▲ ❂❄❃ ❖❣❉ ▼ ✒❂ ▲ ❂❄❃✔▼
✓  








✿◆❀ ❑ ❖ ❂ ❋ ❃ ❋ ❂ ▲❨▲ ❂ ❖ ❂❄❅❇❆❣❂❄❅✻❅ ❉●❖✔❍❁❀ ❂ ▼
✓
❫➂❆ ❉●❖ ❂❄❃❯▼❁❂✢▼P❂ ❋ ❆
 
❂ ❀ ❑ ❋❁❖ ❀ ❫ ✿◆✿❊❉■❀ ❆
 














➇ ❋ ❃✯➍ ❋
✓




❫■❅❇❆❏❂✛✥ ▲ ❂❾▼P❂ ❋ ❆
 










❂ ➍ ❋ ❂➃▼❁❫■❅❁❃ ▲
✓









❂❄❃ ✿❁❀ ❂ ❖ ❑ ✒❂ ❀ ❂❄❃ ❖ ❂❄❃ ❋P❀ ❂❄❃❛❫■❃✯❆ ❀✯❉■✿ ➉ ➈ ❃✯❑❩➍ ❋ ❂❄❃✴❅❁❂





















▲ ❫ ✿❁❀ ❂ ❖ ❑ ✒❂ ❀ ❂ ❖ ❂❄❃ ❋P❀ ❂✗❑❨❅❁▼◆❑ ❀ ❂❄❪❿❆❏❂✞▼
✓
❋ ❅P❂✞❫ ❍❚❉ ❅❁▼❁❫■❅❁❪❿❂✗▼P❂☛▼P❂ ❋ ❆
 
❂ ❀ ❑ ❋❁❖❡❀ ❂ ✿❁❀
 
❂❄❃❏❂❄❅➆❆✯❫➂❆✯❑❴➄■❂✬▼❁❂ ▲ ❫ ❅
 










































❂❄❃✯❫ ❀ ❃ ✗ ➈ ❂❈❆✙❫ ▲ ✔
❲
✖✙✘✰✧✿✚●❬✸❆❏❂❄❅❇❆ ✒❂ ❀ ❂❄❅➆❆ ▲ ❫ ✿❁❀ ❂ ❖ ❑ ✒❂ ❀ ❂✗▼
 
❂❈❆❏❂❄❪❿❆✯❑ ❉ ❅ ▼P❂ ▲ ❫ ❀ ❫■❑❴❂ ✒❫s✘■➀ ❪ ❖ ▼P❂
✠✩★


















































❑❨❅➆❆❏❂ ❀ ❃❏❆❏❂ ▲❨▲ ❫■❑ ❀ ❂✑▼ ❋ ▼P❂ ❋ ❆
 
❂ ❀ ❑ ❋❁❖ ✥P❂❄❅ ❉■❍ ❃❏❂ ❀ ➄➂❫■❅❇❆✆❂❄❅ ❫ ❍ ❃ ❉■❀✯✿ ❆✯❑ ❉ ❅❜▼❁❫■❅❁❃ ▲
✓






❫ ➄■❂❄❪ ▲ ❂➃❃✯❫➂❆❏❂ ▲❨▲ ❑❨❆❏❂ ✹ ✼P❁✤✴✭✺P❅❈✾❬❳✭❇✱✶❊✔
✝
❂❄❃ ❖ ❂❄❃ ❋P❀ ❂❄❃✬▼❁❂
✠✐✉➅✩



























































❃ ❋P❀✧▲ ❂❄❃ ▲ ❑ ➋ ❅P❂❄❃✬▼P❂ ➄✭❑❩❃
 
❂❈❂❯▼P❂❯➍ ❋ ❫■❃✯❫ ❀ ❃✧❃ ❉ ❅❇❆✧▼P❂❈➄■❂❄❅ ❋ ❂❄❃ ❀
 
❂❄❫ ▲ ❑❨❃✯❫ ❍◆▲ ❂❄❃ ➋■❀ ✱




❂ ❀ ❫➂❆✯❑ ❉ ❅ ▼P❂❄❃
❆ ❀✭✒❂❄❃ ➋■❀ ❫■❅◆▼❁❃✸❆
 
❂ ▲ ❂❄❃✯❪ ❉■✿ ❂❄❃✆❆❏❂ ❀❱❀ ❂❄❃❏❆ ❀ ❂❄❃✭✔
✂





❪❿❂☛➍ ❋ ❑ ▲ ❫■❑❩❃✯❃❏❂✗❃ ❋P✿❁✿❚❉ ❃❏❂ ❀ ➍ ❋ ❂ ▲ ❂✗▼P❂ ❋ ❆
 
❂ ❀ ❑ ❋❁❖ ➍ ❋
✓






❂✔➍ ❋ ❂ ✿ ❂ ❋ ▼
 








































































































✮✙✷ ✌✎☞✠✜★✚✱✢✖✌☞✭✷ ✚✄✜ ✕ ✮✙✏ ✚
✡
☞✭✔✩✷ ☛ ✕✹✌✂✿ ✌☞✭✷✸☞ ✚✙✢✴✒✫✪✬✔✖✢✓✗✯✒✄✜✩✚✄☞





























✒✫✚ ☛ ✜ ☞✲✕ ✌ ✒✄✢✓✔✹✕
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❂✍❅ ❋❁▲❨▲ ❂✛✥■❃ ❋ ❑❨➄➅❫■❅➆❆❛❫■❑❨❅❁❃✯❑ ▲ ❫ ❖
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❂❈❆❏❂ ❀❱❖ ❑❩❅❁❫➂❆✯❑ ❉ ❅ ▼P❂ ▲
✓




❂ ▲ ❑ ❋❁❖
✳
③✤✔
✕✱✼✆☎✲✼ ✒ ✆ ✝ ❁✔ ✄☛✠☛✝ ✾ ❇✎✂✆✠ ❆ ✡☛✍✑✝✟✍✱❀ ❇ ✂✁  ✾ ✔ ❋ ✔ ✝ ✝ ✍✑☎ ✠❃❆✏❋ ✍✱❆✣❀ ✔ ❋✏✾ ❋ ✔✦✾✲❇✏❁✔✗☞ ✂❊✾✏❉
✝
❂❄❃ ❖❣❉ ▼ ✒❂ ▲ ❂❄❃✙❃❏❆✯❫■❅❁▼◆❫ ❀ ▼❁❃✙▼
✓  
❂❈➄ ❉●▲❨❋ ❆✯❑ ❉ ❅ ▼P❂ ▲
✓
❫ ❍❚❉ ❅❁▼❁❫■❅❁❪❿❂☛▼ ❋ ▼❁❂ ❋ ❆
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❂ ❀ ❂❄❅❇❆✯❃✙✥ ❀ ❂❄❅❁▼ ❋ ❃
❅
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❂ ❀ ❂❄❅➆❆❏❂❄❃✭✥✲▼ ❉ ❑❨➄■❂❄❅❇❆
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❂❈❂ ▲❨▲ ❂ ❖ ❂❄❅➆❆✙❪❈❫ ❀ ❫■❪❿❆
 
❂ ❀ ❑❨❃✯❆✯❑❨➍ ❋ ❂✔▼P❂ ▲ ❫ ❖ ❫➂❆✯❑ ✒❂ ❀ ❂✔❪ ❉ ❃ ❖ ❑❩➍ ❋ ❂✗❫ ❋ ➐ ❉●❋P❀ ▼
✓
➉ ❋ ❑❊❂❄❃❏❆✙▼❁❂ ▲
✓
❉■❀ ▼ ❀ ❂✗▼P❂ ✧ ✵ ✖❈➁
✜
































































































❂❄❃ ❖❾❉ ▼ ✒❂ ▲ ❂❄❃❜▼
✓  
❂❈➄ ❉●▲❩❋ ❆✯❑ ❉ ❅ ▼P❂
✠✐✉➅✩





❆❏❂✛✥✘❂❄❅ ✿ ❂ ❀❱❖ ❂❈❆❏❆✯❫■❅➆❆✄▼❁❂✙➄
 
❂ ❀ ❑❢✩◆❂ ❀✄▲ ❫☛❪ ❉ ➉
 
❂ ❀ ❂❄❅❁❪❿❂✞❂❄❅➆❆ ❀ ❂ ▲ ❂❄❃✥❆ ❀✯❉ ❑❨❃✥❆ ➈✭✿ ❂❄❃




▲ ❃ ✿ ❂ ❀❭❖ ❂❈❆❏❆❏❂❄❅❇❆
 
❂ ➋ ❫ ▲ ❂ ❖ ❂❄❅❇❆✄▼P❂✌❪ ❉ ❅❇❆ ❀ ❫■❑❩❅❁▼ ❀ ❂ ▲ ❂❄❃ ❖❣❉ ▼ ✒❂ ▲ ❂❄❃✴▼P❂ ➎ ❉■❀❱❖ ❫➂❆✯❑ ❉ ❅ ❂❈❆❛▼
✓  













































❂ ❖❾✿◆▲ ❂✛✥◆❪❿❂ ▲❨❋ ❑ ▼
✓
❋ ❅ ✿❚❉ ❃✯❃❱❑ ❍◆▲ ❂ ➋■❀ ❫■▼❁❑❴❂❄❅➆❆ ❀ ❫■▼◆❑❨❫ ▲ ▼ ❋❜❀ ❫ ✿❁✿❚❉■❀ ❆
✠✐✉■☎
❪ ❉ ❅➆❆ ❀ ❫■❑ ➋ ❅P❂❄❅➆❆ ▲ ❂☛❆✯❫ ❋
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❑ ❖❣✿❚❉■❀ ❆✯❫■❅➆❆ ✒❫❾❪❿❂❈❆
 
❂ ➋ ❫ ❀ ▼✕✔







































❆ ❀ ❫■❑❨❅❁▼ ❀ ❂ ▲ ❫✆➄➅❫ ▲ ❂ ❋❁❀ ▼P❂ ✟☛❂❈❆✴▼ ❉ ❅❁❪✪▼P❂✘✌✥✝❊✔
✝
❂❄❃ ❖ ❂❄❃ ❋P❀ ❂❄❃ ▼
✓
❫ ❍❚❉ ❅❁▼❁❫■❅❁❪❿❂❄❃ ✿❁❀ ❑ ❖❣❉■❀ ▼❁❑❨❫ ▲ ❂❄❃ ▲ ❂❄❃ ✿◆▲❨❋ ❃ ✿◆❀
 
❂❄❪❈❑❨❃❏❂❄❃ ❉ ❅❇❆
▼P❂❄❃ ❍ ❫ ❀✯❀ ❂❄❃✥▼
✓
❂ ❀✯❀ ❂ ❋P❀ ▼❁❂ ▲
✓






❬ ✦★✧✎✩✫✪ ✥➆❂❈❆✪❪ ❉●❖❾❖ ❂ ❉ ❅ ▲
✓
❫✗➄ ❋ ✥


































❂❄❃ ❍ ❫ ❀✯❀ ❂❄❃❣▼
✓
❂ ❀✯❀ ❂ ❋P❀ ❃ ❉ ❅➆❆❾❪❿❂ ✿ ❂❄❅❁▼❁❫■❅➆❆ ▲ ❂ ✿◆▲❨❋ ❃ ❃ ❉●❋ ➄■❂❄❅❇❆➃▼
✓
❉■❀ ▼ ❀ ❂❜❃❏❆✯❫➂❆✯❑❨❃✯❆✯❑❨➍ ❋ ❂✛✥ ▲ ❂❄❃ ❂✷♥❊❂❈❆✯❃
❃ ➈ ❃❏❆
 
❂ ❖ ❫➂❆✯❑❨➍ ❋ ❂❄❃
 
❂❈❆✯❫■❅➆❆ ✿◆▲❨❋ ❃✗▼❁❑ ✡ ❪❈❑ ▲ ❂❄❃ ✒❫ ➍ ❋ ❫■❅➆❆✯❑✪✩◆❂ ❀ ✔
✜
▲ ❃✬❑ ❖❣✿◆▲ ❑❩➍ ❋ ❂❄❅➆❆✞▼P❂❄❃☛❂ ❀✯❀ ❂ ❋P❀ ❃ ✿❚❉ ❆❏❂❄❅➆❆✯❑❴❂ ▲❨▲ ❂ ❖ ❂❄❅➆❆ ✿◆▲❩❋ ❃
➋■❀ ❫■❅❁▼P❂❄❃✙✥✘❪ ❉●❖➃❖ ❂ ▲ ❂ ▲ ❫■❑❨❃✯❃✯❂ ✿ ❂❄❅❁❃❏❂ ❀✌▲
✓
❫ ❍ ❃❏❂❄❅❁❪❿❂✗▼P❂ ❀ ❂❄❪ ❉●❋ ➄ ❀ ❂ ❖ ❂❄❅➆❆✙❪ ❉ ❅❁❃❏❆✯❫➂❆
 
❂❈❂✔▼◆❫■❅❁❃✌❪❿❂ ❀ ❆✯❫■❑❨❅❁❃✌❪❈❫■❃✙❂❄❅❇❆ ❀ ❂ ▲ ❂❄❃
➀✛✘
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❃❱❑✟▼P❂❄❃ ❖ ❂❄❃ ❋P❀ ❂❄❃✍▼❁❫■❅❁❃✍▼P❂✔❅ ❉●❖✔❍❁❀ ❂ ❋
➌
❉■❍ ➐❙❂❈❆✯❃✑❃ ❉ ❅➆❆✆❂✷♥❚❂❄❪❿❆ ❋
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❂ ▲ ❑ ❋❁❖
✳
③❣❂❈❆







































































































❂❈❂ ✿ ❫ ❀✷▲
✓
❂✷♥❊❂❈❆✷▼P❂ ▲ ❫✆❅ ❋ ❪ ▲
 
❂ ❉ ❃ ➈ ❅❇❆✯➉ ✒❂❄❃✯❂✙❃❏❆❏❂ ▲❨▲ ❫■❑ ❀ ❂✛✥
➍ ❋ ❑✷➄➂❫❜❪ ❀
 




❂ ▲ ❑ ❋❁❖
✳


























❫✔➄➂❫ ▲ ❂ ❋P❀ ▼P❂ ✖ ✦★✧✗✩✫✪ ❂❄❃❏❆ ❉■❍ ❆❏❂❄❅ ❋ ❂✍❂❄❅ ❂
➌
❆ ❀ ❫ ✿❚❉●▲ ❫■❅❇❆ ▲ ❑❨❅
 


















❂ ➎ ❫■❑❴❆❏❂❄❃✞❫❄➄■❂❄❪❣❪❿❂❈❆❏❆❏❂ ❖
 
❂❈❆✯➉ ❉ ▼P❂✛✥❚❂❈❆ ▲ ❂❄❃✍➄➂❫ ▲ ❂ ❋P❀ ❃ ▲ ❂❄❃
✿ ▲❨❋ ❃ ❀
 
❂❄❪❿❂❄❅➆❆❏❂❄❃✍❃ ❉ ❅➆❆✆❅ ❉ ❆✯❫ ❖➃❖ ❂❄❅❇❆ ✖ ✦★✧✎✩✫✪ ✤ ➁✓④ ➀❵③✛③ ✌ ➁✓④✕➁■➁●➀
❲ ✜
▲❈❉ ❆ ❉ ➄✵❏
☞




















































































✖ ✦★✧✗✩✫✪ ✤ ➁✓④ ➀✛✚■❽ ✌ ➁✓④✕➁■➁✰✚✱✔
✂
❉●❖❾❖ ❂ ❉ ❅ ▲ ❂✑➄ ❉ ❑❴❆✭✥P❑ ▲ ❂
➌














❬ ✦★✧✗✩✫✪ ❃ ❉ ❅➆❆ ➎ ❫■❑❨❆❏❂❄❃❛❂❄❅ ❉■❍ ❃✯❂ ❀ ➄➅❫■❅➆❆ ▲
✓





































































▲ ❫➂❆❏❂❄❫ ❋ ▼P❂❄❃
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❂ ▲ ❫■❅ ➋ ❂ ❀❱❉ ❆✯❫➂❆✯❑ ❉ ❅❁❅P❂ ▲ ✥✭➄■❂❄❅➆❆✯❃✄❃✯❆❏❂ ▲❨▲ ❫■❑ ❀ ❂❄❃✙✥❇❂✷♥❚❂❈❆✯❃ ➋■❀ ❫❄➄✘❑❴❆✯❫➂❆✯❑ ❉ ❅❁❅❁❂ ▲ ❃✭✥ ✿ ❂ ❀ ❆❏❂✞▼P❂ ❖❣❉●❖ ❂❄❅➆❆✄▼
✓









❂❈❆✯❑ ❉ ❅ ✿ ❫ ❀✑❋ ❅ ➎ ❫■❪❿❆❏❂ ❋P❀ ▼P❂ ▲
✓
❉■❀ ▼ ❀ ❂✧▼P❂✣✖❈➁
❲❳★
❑❨❅❁❃❏❂ ❉ ❅❁❅❁❂❄❫ ❋❁▲ ❆✙❂❈❆
















































❀ ❂❄❅❁▼❜❪❿❂❄❃ ❖❣❉ ▼ ✒❂ ▲ ❂❄❃✙❫■❃❱❃❏❂ ▲ ❑ ❖❣✿◆❀✯❉■❍ ❫ ❍◆▲ ❂❄❃ ❵❁▼P❂❄❃
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❂ ❀ ❂❄❅➆❆❏❂❄❃ ✿❁❀
 
❂❄❃❏❂❄❅➆❆✯❫■❅❇❆ ▲ ❂ ❖ ✱




✥❇❑ ▲ ❂❄❃✯❆✪▼❁❑ ✡❯❪❈❑ ▲ ❂✸▼P❂✆❅P❂ ✿ ❫■❃❛❪ ❉ ❅❁❃✯❑❨▼
 
❂ ❀ ❂ ❀ ➍ ❋ ❂✆❪❿❂❈❆❏❆❏❂✍❫ ❍❚❉ ❅
✳








❂❄❃ ❖❣❉ ▼ ✒❂ ▲ ❂❄❃ ▲ ❂❄❃ ✿◆▲❨❋ ❃✗❃❏❆✯❫■❅◆▼❁❫ ❀ ▼❁❃ ✿◆❀ ❂❄❅❁❅P❂❄❅➆❆✗❂❄❅✇❪ ❉●❖❣✿ ❆❏❂ ▼P❂❄❃








❂❈❆ ❉ ❑ ▲ ❂❄❃ ❑❨❅ ➎
 






❬ ✦✙✧✎✩✫✪ ✤②✖✿④ ✧✿✚ ✌ ➁✓④ ➀✛♣ ✵❜✖❈➁✣✜ ✔✓✒
❲
✫ ❉ ❅❁❑ ➎ ❫■❪❈❑ ❉ ❏
✛



























➄ ❉ ❑ ❀✍✿ ❫ ❀ ❆✯❑❴❂❯✖✿✔⑤✚✱✔ ✖ ❬✆❃ ❋P❀✍▲ ❂❄❃✙❪ ❉●❋P❀✯❍ ❂❄❃P✶❏❫ ❍❚❉ ❅
✳




❂ ❍ ❫ ❀✯➈■❉ ❅❁❑❨➍ ❋ ❂ ✸
❲
✩ ➋●❋❁❀ ❂❞✖✿✔ ✖ ❬✸❂❈❆✆❂❄❅ ✿❁❀ ❂❄❅◆❫■❅❇❆ ▲ ❂❄❃ ❍ ❫ ❀✯❀ ❂❄❃✆▼
✓





❂ ❖ ❂❄❃✭✥ ❉ ❅✇❆ ❀✯❉●❋ ➄■❂ ▲ ❂➃▼ ❉●❖ ❫■❑❨❅❁❂❾▼P❂ ❀ ❂❄❪ ❉●❋ ➄ ❀ ❂ ❖ ❂❄❅➆❆✔❃ ❋ ❑❴➄➂❫■❅❇❆ ❵ ✖ ✵✝✖❈➁




❖ ❫■❑❨❅P❂ ✿◆❀ ❂❄❅❁▼ ❂❄❅❼❪ ❉●❖❣✿ ❆❏❂ ▲
✓




❂ ❀✯❀ ❂ ❋P❀ ➍ ❋
✓


































❀ ❂ ▲ ❫➂❆✯❑❴➄■❂ ❖ ❂❄❅➆❆ ❍❊❉ ❅ ❫■❪❈❪ ❉■❀ ▼ ➍ ❋ ❑ ➎ ❫■❑❴❆✞▼ ❋ ❖❣❉ ▼ ✒❂ ▲ ❂ ❃❏❆✯❫■❅❁▼❁❫ ❀ ▼ ▼P❂✹✫✸❑ ➋ ✫✄❫■❅ ➋ ❋ ❅P❂✬❆✯➉
 
❂ ❉■❀ ❑❨❂ ❪ ❉ ➉
 
❂ ❀ ❂❄❅❇❆❏❂❾❂❄❅ ❪❿❂






❂ ❖ ❂❄❅➆❆✯❃ ▲
 
❂ ➋ ❂ ❀ ❃✭✔
✂
❂✔▼ ❉●❖ ❫■❑❨❅P❂☛❪ ❉■❀❱❀ ❂❄❃ ✿❚❉ ❅❁▼❁❫■❅➆❆ ✒❫❾➁✓④✕➁✤✖ ✔ ✌✥✝ ✔✤➁✓④✕➁●❽✱✥ ❉ ❅
✿ ❂ ❋ ❆✧❪ ❉ ❅❁❪ ▲❨❋P❀ ❂➃▼
✓







































❉ ❆✯❑❨➍ ❋ ❂
❲
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Abstract. We present new observations of the binary Sirius A /
Sirius B performed with HST-GHRS. Two interstellar clouds
are detected on this sightline, one of them being identified as
the Local Interstellar Cloud (LIC), in agreement with previous
HST-GHRS observations of Sirius A (Lallement et al. 1994).
The interstellar structure of this sightline, which we assume is
the same toward both stars (separated by less than 4 arcsec at the
time of observation), is constrained by high spectral resolution
data of the species O i, N i, Si ii, C ii, Fe ii and Mg ii.
Lyman α interstellar lines are also observed toward the two
stars. But whereas the deuterium Lyman α line is well detected
in the LIC with an abundance in agreement with that obtained
by Linsky et al. (1993&1995), no significant D i line is detected
in the other cloud.
However, the Lyman α lines toward Sirius A and Sirius B
are not trivial. An excess of absorption is seen in the blue
wing of the Sirius A Lyman α line and interpreted as the
wind from Sirius A. In its white dwarf companion, an excess
in absorption is seen in the red wing and interpreted as the
core of the Sirius B photospheric Lyman α line. A composite
Lyman α profile can nonetheless be constructed, and allows
one to measure the deuterium abundance in the second cloud
0 <(D/H)ISM< 1.6× 10
−5, which is marginally in agreement
with the Linsky et al. (1993 & 1995) value. This sightline
appears consequently as a good candidate for a low (D/H)ISM .
Keywords: stars: individual: Sirius A – stars: individual: Sirius
B – stars: white dwarfs – ISM: abundances – ultraviolet: ISM –
ultraviolet: stars
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1. Introduction
It is generally believed that deuterium is only produced in pri-
mordial BigBang nucleosynthesis (BBN), and destroyed in stel-
lar interiors (Epstein et al. 1976). Hence, any abundance of deu-
terium measured at any metallicity should provide a lower limit
to the primordial deuterium abundance (Reeves et al. 1973).
Deuterium is thus a key element in cosmology and in galactic
chemical evolution (e.g., Vangioni-Flam & Casse´ 1995; Prant-
zos 1996; Scully et al. 1997). The primordial abundance of deu-
terium is indeed one of the best probes of the baryonic density
parameter of the Universe ΩB . The decrease of its abundance
all along galactic evolution, amongst other things, is a func-
tion of the star formation rate. Standard models predicting a
decrease by a factor 2 to 3 in 15 Gyrs (e.g., Galli et al. 1995;
Prantzos 1995; Tosi et al. 1998). However there are some non-
standard models which propose nonprimordial deuterium pro-
duction (see e.g. Lemoine et al. (1999) for a review). The most
recent paper on nonprimordial deuterium production is byMul-
lan & Linsky (1999).
Proto-solar and interstellar deuterium abudances thus bear
the imprint of BBN as well as the subsequent chemical evolu-
tion. Up to a few years ago, they were the only available mea-
surements of D/H used to constrain BBN in a direct way. The
situation has changed recently, as measurements of D/H likely
to be close to (D/H)prim have become possible (e.g., Burles &
Tytler 1998a&1998b;Webb et al. 1997; see alsoBurles&Tytler
1998c for a review). Taken altogether, the abundances of deu-
terium seem to decrease with time, as expected, although the
dispersion remains rather large. These various measurements
and their trends are reviewed in detail in Lemoine et al. (1999),
and we refer the reader to this review for more details.
The first measurements of the interstellar deuterium abun-
dance (D/H)ISM , representative of the present epoch, were re-
ported by Rogerson & York (1973) through Lyman absorption
on the line of sight of β Cen, using Copernicus. Their value
of (D/H)ISM≃ 1.4 ± 0.2 × 10
−5 has not changed ever since
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Table 1. List of our GHRS spectra.
Target Spectral range Elements GHRS Grating Exposition time Date of observation Proposal #
Sirius A 1188 A˚ - 1218 A˚ N i, Si ii, Si iii, H i, D i G140M 1632.0 s 1996 Nov. 20 ID 6800 1
Sirius A 1278 A˚ - 1307 A˚ O i, Si ii G140M 217.6 s 1996 Nov. 20 ID 6800 2
Sirius A 1308 A˚ - 1337 A˚ C ii G140M 217.6 s 1996 Nov. 20 ID 6800 3
Sirius A 1196 A˚ - 1203 A˚ N i Echelle-A 1305.6 s 1996 Nov. 20 ID 6800 4
Sirius A 1201 A˚ - 1208 A˚ Si iii Echelle-A 870.4 s 1996 Nov. 20 ID 6800 5
Sirius A 1298 A˚ - 1306 A˚ O i, Si ii Echelle-A 130.2 s 1996 Nov. 20 ID 6800 6
Sirius A 1331 A˚ - 1339 A˚ C ii Echelle-A 217.6 s 1996 Nov. 20 ID 6800 7
Sirius B 1188 A˚ - 1218 A˚ N i, Si ii, Si iii, H i, D i G140M 1532.8 s 1996 Nov. 18 ID 6828 8
Sirius B 1278 A˚ - 1307 A˚ O i, Si ii G140M 217.6 s 1996 Nov. 18 ID 6828 9
Sirius B 1308 A˚ - 1337 A˚ C ii G140M 217.6 s 1996 Nov. 18 ID 6828 10
Sirius B 1196 A˚ - 1203 A˚ N i Echelle-A 3481.6 s 1996 Nov. 21 ID 6800 11
Sirius B 1201 A˚ - 1208 A˚ Si iii Echelle-A 1740.8 s 1996 Nov. 18 ID 6828 12
Sirius B 1212 A˚ - 1219 A˚ H i, D i Echelle-A 2067.2 s 1996 Nov. 18 ID 6828 13
Sirius B 1212 A˚ - 1219 A˚ H i, D i Echelle-A 3481.6 s 1996 Nov. 20 ID 6800 14
Sirius B 1298 A˚ - 1306 A˚ O i, Si ii Echelle-A 217.6 s 1996 Nov. 18 ID 6828 15
Sirius B 1331 A˚ - 1339 A˚ C ii Echelle-A 217.6 s 1996 Nov. 18 ID 6828 16
using HST-GHRS. But it turns out that determinations of the
(D/H)ISM ratio do not generally agree on a single value, even in
thevery localmedium(Vidal-Madjar et al. 1978&1986,Murthy
et al. 1987&1990).Whilemanymeasurements are in agreement
with the value of Linsky et al. (1993 & 1995), many sightlines
exhibit different values. For instance, (D/H)ISM< 10
−5 toward
λ Sco (York 1983), (D/H)ISM≃ 7. × 10
−6 toward δ Ori and
ǫOri (Laurent et al. 1979), (D/H)ISM≃ 5.×10
−6 toward θ Car
(Allen et al. 1992). Finally, thanks to new HST-GHRS observa-
tions of G191-B2B, Vidal-Madjar et al. (1998) detected varia-
tions of (D/H)ISM by at least∼ 30%within the local interstellar
medium on the sightline of G191-B2B, and Jenkins et al. (1999)
up to∼ 50% toward δ Ori, using IMAPS.We can also report the
measurement of the 92cm hyperfine transition of D i by Chen-
galur et al. (1997), showing (D/H)ISM≃ 3.9 ± 1.0 × 10
−5.
Although several scenarios have been proposed to explain these
putative variations (e.g., Vidal-Madjar et al. 1978; Jura 1982),
the above measurements are still unaccounted for (Lemoine et
al. 1999).
We introduced in Cycle 1 of HST a new type of target, white
dwarfs in the high temperature range, for which the depth of the
Lyman α photospheric absorption line is reduced, and whose
stellar continuum remains smooth. These targets also allow the
study of lines of other species, such as N i and O i, which are
shown to be reliable tracers of H i in the ISM (Ferlet 1981; York
et al. 1983). These targets may also be chosen close to the Sun
so that the H i column density is not too high and the velocity
strucure of the line of sight not too complex. We have already
observed the white dwarf G191-B2B in HST Cycle 1 (Lemoine
et al. 1996) and Cycle 5 (Vidal-Madjar et al. 1998). Continuing
that program, we present here new ultraviolet observations of
Sirius A and its white dwarf companion Sirius B performed
withHST-GHRS.PreviousHST-GHRSobservations of SiriusA
reveal the velocity structure including two components on this
sightline (Lallement et al. 1994), and also the possible detection
of a diffuse interstellar cloud boundary (Bertin et al. 1995a) and
the detection of a stellarwind fromSiriusA (Bertin et al. 1995b).
From a subset of these new observations, the identifica-
tions of the Sirius A emission lines have been made beforehand
(vanNoort et al. 1998). Here, following the presentation of these
spectroscopic observations and the data reduction in Sect. 2, we
study the structure of the line of sight in Sect. 3, the Lyman α
aborption features including D/H study in Sect. 4, and the ion-
ization and metal abundances in Sect. 5. We finally discuss our
results in Sect. 6.
2. Observations and data reduction
2.1. Observations
Our observations of the stars Sirius A and Sirius B were per-
formed with GHRS (the Goddard High Resolution Spectro-
graph) onboard theHubble Space Telescope in November 1996,
in the frame of Cycle 6 Guest Observer proposals ID 6800 and
ID 6828. A first attempt was made in September 1996 but failed
because the stars were not correctly located within the GHRS
entrance slit. The observations were finally repeated with a dif-
ferent pointing strategy which was fully successful and allowed
for extremely good observations of both stars. The spectra were
acquired at high andmedium spectral resolution (Echelle-A and
G140M gratings). Most of them have a very good quality and
show clearly interstellar lines. The wavelengths ranges of the
spectra are listed in Table 1.
The G140M grating provides a resolving power R =
λ/∆λ ≃ 20, 000, i.e. a spectral resolution of ∼ 15 km s−1.
With the Echelle-A grating we have obtained a resolving power
R ≃ 85, 000, i.e. a spectral resolution of∼ 3.5 km s−1.We used
only the Small Science Aperture (SSA), corresponding to 0.25′′
on the sky and illuminating one diode to achieve the best possi-
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2.2. Data reduction
Our data were reduced with the Image Reduction and Analysis
Facility (IRAF) software, using the STSDAS package.
During the observations,we used the FP-SPLITmodewhich
splits the total exposure time into successive cycles of four sub-
exposures, each corresponding to a slightly different projection
of the spectrum on the photocathode.We used the “quarter step-
ping” mode, which provides a sample of 4 pixels per resolution
element. This allows simultaneously to oversample the spec-
trum, since, for instance, the SSA does not fulfill the Nyquist
sampling criterion, and to correct for the granularity of the pho-
tocathode. The effect of the photocathode on each diode being
the same for the four sub-exposures, it is possible to evaluate
this granularity from the comparison of the four sub-exposures
where a constant granularity effect mixes with a non-constant
photon statistical noise.
We use several methods to average the four series of sub-
exposures to obtain the final spectra. The main point was to
focus the alignment between the different sub-exposures, in
order to avoid any artificial broadening of the lines, or even
erasing the weaker ones. Where the signal-to-noise ratio (S/N )
was high enough, we used the standard method to average the
sub-exposures and correct for the granularity, which is avail-
able in the IDL GHRS package, under the corre hrs procedure.
This procedure, which executes an automatic auto-correlation
between the sub-exposures, is efficient when the sub-exposures
are bright enough. We found that this simple treatment allowed
us to reach good alignment for ten of our spectra (spectra # 1,
2, 3, 4, 6, 7, 8, 9, 10 and 15 in Table 1). In the remaining cases
the S/N was too low, and the corre hrs procedure was not able
to identify and then correlate features on the sub-exposures. For
these six low S/N spectra (spectra # 5, 11, 12, 13, 14 and 16
in Table 1), we chose to estimate the shifts between the differ-
ent sub-exposures one by one, after smoothing them in order to
increase the S/N , and then to average the sub-exposures with
the right shifts (and with no additional smoothing). The shifts
found thus were very close to the nominal ones in the FP-SPLIT
mode. However these six low S/N spectra are not corrected for
the photocathode granularity. Instead we have searched for such
possible defects by adding the sub-exposures corresponding a
priori to the same spectral instrument shift, improving then the
S/N , and building in such a way four different shifted spectra
where the photocathode defects appear at fixed positions. We
found no defects near the observed spectral lines. This can be
seen, for example, in the Fig. 1 and Fig. 2 on which are shown
the Sirius A and Sirius B Echelle-A data corresponding to both
C ii 1334 A˚ and O i 1302 A˚ areas.
In our high and medium spectral resolution data, we have
detected 10 interstellar lines toward Sirius A and/or Sirius B:
N i 1200 A˚ triplet, O i 1302 A˚, C ii 1334 A˚, Si ii 1190 A˚, 1193 A˚
and 1304 A˚, D i 1215 A˚ and H i Lyman α (see Table 2).
To properly deduce interstellar abundances from interstellar
absorption lines, it is extremely important to precisely evaluate
the zero flux level. The zero flux level may be slightly erroneous
due to the scattered light, which is greater in the case of an
Fig. 1. Examples of spectra obtained with HST-GHRS Echelle-A: C ii
area toward Sirius A (top, spectrum # 7) and toward Sirius B (bottom,
spectrum # 16). In the Sirius A spectrum we see a lot of stellar lines,
and an interstellar absorption on the red wing of the C ii 1334.5 A˚
stellar line. In the Sirius B spectrum we see only the interstellar C ii
1334.5 A˚ line on a very flat stellar continuum.
e´chelle grating like Echelle-A than in the case of a classical
grating like G140M, because of the diffuse light produced from
the adjacent spectral orders. Thus, under the two assumptions
that the zero flux is well known for G140M spectra, and that the
width of the line spread function with Echelle-A is negligible
in comparison with the one obtained with G140M, we used the
G140M spectra to adjust the zero level of the corresponding
Echelle-A spectra (for exemple, we adjust spectrum # 15 with
# 9, spectrum # 16 with # 10...). Accordingly, after degrading
the Echelle-A spectrum to the one of G140M i.e. projection
of Echelle-A spectrum on pixels with size equal to those of
G140M spectrum, and then convolution with the G140M line
spread function), we achieve the flux shift between the degraded
Echelle-A spectrum and the corresponding G140M one. We
corrected thus the zero flux levels of the non-degraded Echelle-
A spectra with these shifts, in the cases of unsaturated lines.
The most obvious cases are the broad and saturated Lyman α
lines for which the central saturated cores should be at zero
flux level. We shift these spectra in order to adjust the Lyman α
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Fig. 2.Examples of spectra obtainedwithHST-GHRSEchelle-A (mag-
nification): O i area toward Sirius A (top, spectrum # 6) and toward
Sirius B (bottom, spectrum # 15). On the Sirius A spectrum, the inter-
stellar absorption line (the small feature at 1302.25 A˚) is at the bottom
of a stellar line. For this small feature, the continuum is low and less
simple than in the case of Sirius B spectrum, on which we see only the
interstellar line, on a very flat stellar continuum.
central cores at zero flux level (the level of that core has been
found to be negative after the standard pipeline correction). This
obvious case allows us to test and confirm that the zero flux level
is well known in G140M spectra. It permits to ensure that the
precision on the zero flux level for the G140M spectra, and thus
for the corrected Echelle-A ones, is better than 3% of the stellar
continuum.
Seven of the Echelle-A exposures (# 4, 5, 12, 13, 14, 15 and
16) were immediately preceded by a platinum lamp calibration
exposure and thus allowed us to calculate the residual wave-
length shift left by the standard calib hrs calibration procedure.
Together with the oversampling mode, this correction allowed
us to reach an absolute calibration accuracy of ±1.5 km s−1 in
radial velocity (the radial velocities will thereafter be given in
heliocentric frame).
We chose not to rebin our spectra i.e. they present four pix-
els per resolution element approximately, which is the standard
sampling mode. For our fits (Sect. 3 and Sect. 4) we then used a
gaussian PSF, with a FWHM slightly greater than four pixels.
In order to study the interstellar contributions, the regions
near the interstellar spectral lines were normalized by the stellar
continuum to unity. This could be donewithout difficulty, except
in the case of the Lymanα line toward Sirius B, with polynomial
whose degree and parameters were chosen using the procedure
described in Lemoine et al. (1995). The photospheric Lyman α
continua of Sirius B was non-trivial and its normalization will
be described in Sect. 4.
The Lyman α high resolution spectra of Sirius A obtained
using Echelle-A was unusable, probably because of the very
highdiffusionof adjacent order in the spectrographby this bright
star. The Lyman α high resolution spectra of Sirius B obtained
using Echelle-A presented a very low S/N (∼ 5). We did not
use them in our fits of the Lyman α lines (Sect. 4), which are
made only on themedium spectal resolution data obtained using
G140M. We just use them in order to check that the geocoronal
Lyman α emission during our observations was at the bottom
of the saturated Lyman α absorptions. Indeed, this emission is
detected in the Sirius B Lyman α Echelle-A spectra, but not
in the G140M spectra. The geocoronal emission thus did not
deteriorate the wings of the Lyman α absorption lines.
3. Structure of the line of sight
As it can be seen in Sect. 4, the Lyman α lines are not obvi-
ous. We thus used only the interstellar metal lines (i.e. all but
Lyman α) to study the structure of the line of sight toward the
binary Sirius A / Sirius B. We assume in all our study that the
interstellar absorbers are the same toward Sirius A and Sirius B,
the two stars being separated by less than 4 arcsec on the sky at
the time of our observations, which corresponds to ∼ 10 AU at
the Sirius distance of 2.6 pc.
For a given transition of a given element, each component in
the sightline produces an absorption linemodeledbyaVoigt pro-
file, which is defined, in addition to atomic parameters, by four
cloud parameters: the radial velocity v (in km s−1) of the cloud,
the column densityNe (in cm
−2) of element e, the temperature
T (in K) of the gas, and its turbulent velocity σ (in km s−1).
In order to determine the number of clouds, their velocity,
temperature, turbulence and columns density for each element,
we used a newfitting program developed byM. Lemoine, which
permits to fit Voigt profiles to several lines in different spectral
ranges simultaneously. This new program works in the same
spirit as the code presented in Lemoine et al. (1995), which ob-
tains the best fit by χ2 simulated annealing optimization. This
allows us to find the best solution compatible with different
spectral ranges based on the basic assumption that all the con-
sidered lines give the same values for v, T and σ for a given
component, and all the lines for a given element e and a given
component give the same value for Ne. The spread of the lines
combines both parameters T and σ, which can only be sep-
arately determined if several elements with different masses
are simultaneously fitted. This procedure was used to solve the
structure of the line of sight toward the white dwarf G191-B2B
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Table 2. Interstellar spectral lines detected on HST-GHRS spectra toward Sirius A and Sirius B. S/N is the signal to noise ratio per pixel at the
continuum of the interstellar lines. The atomic data are from Morton (1991).
Element Wavelength (A˚) Oscillator Spontaneous transition Target Spectral S/N Reference
(vacuum) strength probability (s−1) resolution
N i 1199.5496 1.328 × 10−1 4.104 × 108 Sirius A 85, 000 5 This work
Sirius B 20, 000 40 This work
Sirius B 85, 000 20 This work
N i 1200.2233 8.849 × 10−2 4.097 × 108 Sirius A 85, 000 5 This work
Sirius B 20, 000 45 This work
Sirius B 85, 000 20 This work
N i 1200.7098 4.423 × 10−2 4.093 × 108 Sirius A 85, 000 5 This work
Sirius B 20, 000 35 This work
Sirius B 85, 000 15 This work
O i 1302.1685 4.887 × 10−2 3.204 × 108 Sirius A 85, 000 10 This work
Sirius B 20, 000 50 This work
Sirius B 85, 000 15 This work
C ii 1334.5323 1.278 × 10−1 2.393 × 108 Sirius A 85, 000 50 This work
Sirius B 20, 000 40 This work
Sirius B 85, 000 20 This work
Si ii 1190.4158 2.502 × 10−1 5.888 × 108 Sirius B 20, 000 50 This work
Si ii 1193.2897 4.991 × 10−1 2.338 × 109 Sirius B 20, 000 45 This work
Si ii 1304.3702 1.473 × 10−1 5.776 × 108 Sirius A 85, 000 10 This work
Sirius B 20, 000 45 This work
Sirius B 85, 000 15 This work
Fe ii 2344.2141 1.097 × 10−1 1.664 × 108 Sirius A 85, 000 200 Lallement et al. (1994)
Fe ii 2600.1729 2.239 × 10−1 2.209 × 108 Sirius A 85, 000 300 Lallement et al. (1994)
Mg ii 2796.3521 6.123 × 10−1 2.612 × 108 Sirius A 85, 000 150 Lallement et al. (1994)
Mg ii 2803.5310 3.054 × 10−1 2.592 × 108 Sirius A 85, 000 200 Lallement et al. (1994)
D i 1215.3394 4.165 × 10−1 6.270 × 108 Sirius A 20, 000 20 This work
Sirius A 15, 000 20 Lallement et al. (1994)
Sirius B 20, 000 10 This work
Sirius B 85, 000 5 This work
H i 1215.6701 4.164 × 10−1 6.265 × 108 Sirius A 20, 000 20 This work
Sirius A 15, 000 20 Lallement et al. (1994)
Sirius B 20, 000 10 This work
Sirius B 85, 000 5 This work
Theprevious studyof the line of sight towardSiriusA (Lalle-
ment et al. 1994) clearly showed two distinct interstellar clouds
with a projected velocity shift equal to 5.7 ± 0.2 km s−1. The
red component was identified as the Local Interstellar Cloud
(LIC), detected inmany directionswith projected velocities cor-
responding to the coherent motion of a cloud in which the solar
system is embedded (Lallement &Bertin 1992). To improve the
precision of our study, we decided to fit the 10 lines of our new
observation together with the Fe ii 2344 A˚, Fe ii 2600 A˚, Mg ii
2796 A˚ and Mg ii 2803 A˚ lines from Lallement et al. (1994),
which present very high S/N (see Table 2).
3.1. Velocity shifts correction
Our fitting program is suitable for a simultaneous study of sev-
eral lineswith the restriction that their wavelengths are precisely
determined. If there exist significant velocity shifts between dif-
ferent lines caused for instance, by instrumental effects, the pro-
gram then becomes unable to find the right solution coherent
with all the fitted lines. Therefore, on a first iteration, we have
corrected for any possible instrumental velocity shifts.
In order to estimate the values of these instrumental shifts,
we decided to begin our study by fitting one by one all the lines,
assuming that there were two components, the blue one (BC)
and the red one (LIC), with the following constraints:
– ∆vLIC−BC = 5.7 km s
−1,
– 1.5 km s−1≤ σBC ≤ 3.5 km s
−1,
– 100 K≤ TBC ≤ 10000 K,
– 0.1 km s−1≤ σLIC ≤ 2.5 km s
−1,
– TLIC = 7000 K.
These values were the result of the Lallement et al. (1994)
paper. The strong constraints were the projected velocity shift
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Fig. 3. High resolution interstellar lines toward Sirius A and Sirius B
after velocity shifts correction (solid lines), and normalized stellar con-
tinuum (dotted lines).
∆vLIC−BC = 5.7 km s
−1exactly, which is the Lallement et
al. (1994) result without the reported errors, and TLIC =
7000 K, which is the standard value assumed for the LIC [see
for example Linsky et al. (1995)].
Each fit gives a pair of velocies, one for the BC and one for
the LIC, separated by 5.7 km s−1.
We did not find the same pairs of velocities for all the lines,
and we interpreted these shifts as signs of instrumental errors
in the absolute wavelength calibration. Indeed, the shift be-
tween the C ii and O i lines, for which the spectra was preceded
by a platinum lamp calibration exposure, was on the order of
1 km s−1, rather than for the lines not preceded by calibration
exposures which presented greater shifts. We took as reference
Fig. 4. Medium resolution interstellar lines toward Sirius B after ve-
locity shifts correction (solid lines), and normalized stellar continuum
(dotted lines).
the average pair of velocities found with the spectra preceded
by calibration exposures, and we shifted all our spectra by hand
on this reference.
We thus fit together the lines of higher S/N and spectral
resolution, and we obtained a first set of results for the values of
v, T , σ and Ne for the two components. Fitting one by one the
lowerS/N or lower spectral resolution data with the contrainsts
from these first results, we improved the velocity shift correction
in the same spirit as above.
After this iterative process, there remained no instrumental
velocity shift greater than ±0.5 km s−1 in our data, as it can
be seen in Fig. 3 (high resolution data) and in Fig. 4 (medium
resolution data). All the detected interstellar lineswere thuswell
calibrated in wavelength, and ready to be fitted all together to
constraint the sightline.
3.2. Interstellar structure of the line of sight
We fitted together 19 high and medium spectral resolutions in-
terstellar lines but this time without the hypotheses of Sect. 3.1
on the radial velocity shift between the two clouds or on the
widths of the lines. Assuming only that there are two compo-
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Table 3.Results of the final fit of the 19 interstellar metal lines together






Turb. velocity [km s−1] 2.7 ± 0.3 0.5 ± 0.3
Radial velocity 11.7 ± 1.5 17.6 ± 1.5
[km s−1] ∆vLIC−BC = 5.9 ± 0.3






























did not include in this fit the high spectral resolution interstellar
lines N i, O i and Si ii toward Sirius A due to their low S/N .
The values found from this global fit are reported in Table 3
and the fit plots in Fig. 5. The reduced χ2 from this fit is 1.12
for 749 degrees of freedom. The error bars given in Table 3 are
statistical±2σ errors according to the∆χ2 method.We checked
them on the one hand by trial and error, and on the other hand
by performing fits to all species but one, each species being
excluded in turn, and comparing the obtained results.
Adopting the same method/procedure, but using a fitting
program developed by D. Welty (Welty et al. 1991), we get
very good agreement in the column densities, temperatures and
velocity separation of BC and LIC.
Thequality of thefit allows to affirm that there is no signature
of an extra component on this line of sight. Thus we assume in
the following that there are only two interstellar clouds toward
Sirius.
Our results are in agreement with those of Lallement et
al. (1994), which provided for temperatures and turbulent veloc-










components were already also detected toward ǫ CMa which is
located at 12◦ from Sirius (Gry et al. 1995), “component 2” in
that study being the same as the one named here “BC”. The val-
ues byGry et al. (1995) toward ǫCMaareTLIC = 7200±2000K
and σLIC = 2.0 ± 0.3 km s
−1, and TBC = 3600 ± 1500 K
and σBC = 1.85 ± 0.3 km s
−1. The agreement is good for
the temperatures, but less good for the turbulent velocities. Re-
cent observations of the LIC given toward Capella TLIC =
7000± 500± 400 K and σLIC = 1.6± 0.4± 0.2 km s
−1 (Lin-
sky et al. 1995), toward Procyon TLIC = 6900 ± 80 ± 300 K
and σLIC = 1.21 ± 0.27 km s
−1 (Linsky et al. 1995), and to-






−1 (Vidal-Madjar et al. 1998). Here, again
the agreement with our values is good for temperature, but less
good for turbulent velocity. That might suggest a different tur-
bulent structure toward Sirius.
4. Analysis of the Lyman α lines
toward Sirius A and Sirius B
The problem of possible instrumental radial velocity shifts is the
same for the Lymanα spectra here as with themetal lines above.
Being in the same spectrum as the triplet N i, we corrected the
Sirius B G140M Lyman α line by the shift found for that triplet.
It was less obvious for the Sirius A G140M Lyman α line be-
cause the interstellar N i lines were not detected on this spectra
due to the too low spectral resolution and S/N . But in spite of
low S/N , the interstellar N i triplet was detected in the Sirius A
Echelle-A spectra, on the red wings of the stellar N i lines. Thus
it was possible to align the interstellar N i high resolution lines
in the sightline of Sirius A with the equivalent high resolution
lines in the sightline of Sirius B, for which instrumental velocity
shifts were already corrected (see above). With N i triplet and
Lyman α being on the same G140M spectrum, alignement of
the Sirius A G140M N i triplet spectral zone with the Sirius A
Echelle-A N i triplet spectral zone further permitted alignment
of the Sirius A G140M Lyman α line.
However, a check on the deuterium absorption lines in the
blue wings of both Lyman α lines indicates a velocity shift be-
tween the two spectra. It is probably due to the large wavelength
coverage in G140M spectra between the N i and Lyman α lines
and to the low S/N on the high resolution Sirius A N i spec-
trum, implying a coarse determination of interstellar component
velocities. Here, using again the same strategy to correct veloc-
ity shifts, we fit one by one the two deuterium lines, assuming
the results obtained above for the structure of the sightline. We
found a shift 1.5 km s−1 between the twoN i lines, a shift which
was corrected by hand.
After all shift corrections, we estimate that the possible in-
strumental velocity shift between the Sirius A and Sirius B
G140M Lyman α lines was lower than ±5 km s−1. The two
corrected spectra in this range from Sirius A and Sirius B are
plotted on the Fig. 6. Interstellar absorption lines are detected
at the bottom of the photospheric Lyman α of both stars.
As one can see on the magnification of these two lines (see
Fig. 7), however the profiles of the interstellar Lyman α lines
are not the same toward Sirius A and Sirius B. The deuterium
feature is detected on the blue wing toward both stars, but it
is more contrasted on the Sirius B spectrum. The interstellar
Lyman α line toward Sirius A seems to be more extended in the
blue wing by at least 10 km s−1. In the same way, the red wing
of the Sirius B interstellar Lyman α is more extended by at least
50 km s−1 compared to the one toward Sirius A.
The differences between the two Lyman α interstellar ab-
sorption profiles are not caused by a simple instrumental wave-
length shift. Indeed, the sizes of the extend differences are
greater than the precision on the relative velocity (±5 km s−1),
which is confirmed by the relatively good superposition of the
two deuterium lines on the blue wings of Lyman α. Moreover,
beyond the extent difference, the shape difference of the two
profiles allows us to affirm that it is not a simple shift.
Comparing the high spectral resolution spectra of the C ii
1334 A˚ and O i 1302 A˚ interstellar aborption lines, we did not
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Fig. 5. The final fit for the metal lines toward Sirius B and Sirius A (see values found in Table 3). All the high spectral resolution lines are plotted,





☞✁ ❈✑✓✟✁☎✍☞●✟✹✝♥✆ ✎✜✟ ✡♥✆✠✁✦✝✕✡♥✆✠✂★✂❬☞✍✎✜✁✍✆ ☎ ☎ ☎●✆✷☎♣✡ ✄✆✠✁✍✎✮☎✑✝ ✂✏✆✂✁✦✝ ✝ ✎✜✁❣✎✮☎✏✝
G. He´brard et al.: Ultraviolet observations of Sirius A and Sirius B with HST-GHRS 651
Fig. 6. G140M spectra of the Lyman α region of Sirius A (top) and
Sirius B (bottom). Emission lines in the blue wing of the Sirius A
Lyman α profile was studied by van Noort et al. (1998). Superimposed
on the photospheric Lyman α absorption lines of the both stars are the
lines Si II (1190 A˚ and 1193 A˚) and N i (triplet at 1200 A˚). Whereas
the origin of these five lines is interstellar toward Sirius B, they are
photospheric toward Sirius A, the interstellar components being not
resolved. Only the interstellar Lyman α line is resolved both toward
SiriusA and Sirius B on these spectra, at the bottom of the photospheric
Lyman α lines, near 1216 A˚ on both plots.
detect such profile difference between Sirius A and Sirius B
as in the case for the 1200 A˚ N i triplet lines. The N i triplet
observations toward Sirius A, however, have a low S/N .
We thus observed an absorption excess in the blue wing of
the Lyman α interstellar line toward Sirius A, and an absorption
excess in the red wing of the Lyman α interstellar line toward
Sirius B. These two excesses are only detected in the Lyman α
line.
The two stars being separated by less than 4 arcsec on the
sky at the time of our observations, which corresponds to ∼
10 AU at the Sirius distance of 2.6 pc, the processes which
cause these excesses are likely due to the stars themselves, or to
circumstellar material very close to the stars. Processes having
origins in interstellar or interplanetary media, or even in Earth
environment, are very unlikely in order to explain differences
on such small scales.
We interpret these signatures in the Lymanα profiles as stel-
lar wind from Sirius A and of the core of the Sirius B Lyman α
photospheric absorption line respectively, both superimposed
on the classic interstellar feature. In Sect. 4.1 and Sect. 4.2 we
discuss further these interpretations.
Fig. 7. Comparison of the Lymanα interstellar absorption lines toward
Sirius A and Sirius B. Top plot: Sirius A Lyman α line with G140M.
Deuterium absorption is visible on the blue wing of the Lyman α line,
near −60 km s−1. Middle plot: Sirius B Lyman α line with G140M.
Compared to the Sirius A one, the deuterium absorption is more con-
trasted, and the red wing of the Lymanα line is more extended. Bottom
plot: Sirius A (solid line) and Sirius B (dotted line) smoothed spectra
(overplot of the both above spectra). The flux of the Sirius B spectra
is here multiplied by 2.5 to overlap the Sirius A one. Instrumental ve-
locity shift between these two spectra are smaller than ±5 km s−1.
That is confirmed by the good superposition of the two deuterium lines
on this plot. The absorption excess in the blue wing of the Sirius A
Lyman α line is interpreted as signature of stellar wind from Sirius A,
and the absorption excess in the red wing of the Sirius B Lyman α line
as signature of the white dwarf photospheric absorption Lyman α line.
4.1. The Sirius B photospheric Lyman α line
Photospheric lines from Sirius B must be centered near
70 km s−1 (heliocentric). Indeed, the gravitational redshift,
measured by Greenstein et al. (1971) at 89 ± 16 km s−1 (note
that the value obtained theoretically using themass and radius is
about 81 km s−1), have to be corrected by the proper and orbital
velocities of the white dwarf, which was about −20 km s−1 for
the sum of bothmotions at the epoch of observation [orbital data
of Sirius B by Couteau & Morel can be found in Benest & Du-
vent (1995)]. As seen in Fig. 7, the velocity position of the red
absorption excess of the Sirius B Lyman α line is of this order
of magnitude and may explain the excess by the Doppler core
of the Lyman α photospheric absorption from Sirius B. This ex-
planation requires fewer assumptions than any other, like infall
on the white dwarf, for example.
We fit the Sirius B Lyman α photospheric profile by LTE
and NLTE models calculated by the team of D. Koester using
the very accurate parameters that Holberg et al. (1998) have
derived for Sirius B: effective temperature Teff = 24790 K and
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Fig. 8. Lyman α photosperic continuum for Sirius B. The model
(dashed line) is shifted by 65 km s−1 to fit the data (solid line).
surface gravity log g = 8.57. As seen in Fig. 7, the core of the
Lyman α Sirius B photospheric line falls very near the zero flux
level, perhaps even reaches it. We thus choose the model which
presents the deepest core, i.e. theNLTEmodel. The best velocity
shift found to fit the data is v = 65 km s−1, with an estimated
uncertainty of±15 km s−1. The plot of the fit is shown on Fig. 8.
The observed Sirius B Lyman α spectrum normalized by
this model must thus show only the interstellar absorption due
to both BC and LIC clouds identified in Sect. 3.2. With the
stellar continuum shape being uncertain, and the velocity shift
(65 km s−1, see Fig. 8) not determined better than±15 km s−1,
the red wing of this normalized interstellar line is very uncer-
tain. However it is superimposed rather well on the red wing of
the Sirius A Lyman α line, as expected if our interpretation is
right.
The Sirius B Lyman α blue wing on the other hand is well
known, since the stellar continuum is relatively flat on this part.
This is the bluewingwewill use below for the “pure interstellar”
spectrum (Sect. 4.3).
4.2. Confirmation of the stellar wind from Sirius A
Bertin et al. (1995b) have reported earlier the feature in the
blue wing of the interstellar Lyman α line toward Sirius A,
and interpreted it as due to stellar wind. Our confirmation of
this observation toward Sirius A and the fact that we do not
observe this feature toward Sirius B is in agreement with this
interpretation.
The comparison of the blue wings of the Lyman α lines of
Sirius A and Sirius B could allow to estimate the shape of the
absorption due to the wind, at least its blue part, its red part
being lost in the saturated core of the two Lyman α lines. The
wind absorption ranges at least from−10 to−60 km s−1, in the
range where Bertin et al. (1995b) detected it.
The wind absorption velocity distribution may be guessed
assuming the velocity is in the rest frame of Sirius A at its
surface and increases its blue shift outwards until it reaches a
velocity limit. However, the abundance of neutral relative to
ionized hydrogen probably changes with distance from the star.
Thus fits of the Sirius A wind absorption using a simple
Voigt profile with a given velocity is too naive and could not
give credible results. The study of the blue absorption feature is
beyond the scope of the present work and will be the subject of
a forthcoming paper.
4.3. The interstellar D/H ratio in the line of sight of Sirius
If both absorption excesses actually have a stellar origin, the
interstellar part of the Lyman α line toward Sirius is at most the
overlap between these two lines. Since each of the suspected
processes that affect one wing of the Lyman α line cannot af-
fect the other wing, we assumed that the interstellar contribution
to the Lyman α line on this line of sight, generated by the in-
terstellar clouds BC and LIC found in Sect. 3.2, is the overlap
between these two lines (see below).
The Sirius A Lyman α spectral region was normalized to
unity by using a second degree polynomial stellar continuum
[degree and parameters of that polynomial were found using the
procedure described in Lemoine et al. (1995)]. Using that Sir-
ius A Lyman α normalized spectrum and the Sirius B Lyman α
spectrum normalized by the photospheric model (see Sect. 4.1
and Fig. 8), we constructed a composit spectrum from the over-
lap of the two normalized spectra, i.e. with the blue wing of the
Sirius B Lyman α line and the red wing of the Sirius A one. If
our interpretations of the two excesses are correct, and if there
are no other components in the interstellar Lyman α line than
the two indentified in the metal lines in Sect. 3.2, this “pure in-
terstellar” spectrum presents absorption caused only by H i and
D i from the BC and LIC and is free of any other processes.
We fit the “pure interstellar” spectrum in order to determine
the H i and D i column densities in BC and LIC, and thus the
D/H ratio in the two interstellar clouds. In these fits, we fixed
the values for the radial velocity shift, the temperatures and the
turbulent velocities of both interstellar clouds found using the
19 metal lines fit as described in Sect. 3.2 (see Table 3).
The first fit gave a (D/H)LIC ratio in agreement with the
Linsky et al. (1995) value of (D/H)LIC = 1.60 ± 0.09
+0.05
−0.10 ×
10−5, obtained toward Capella and Procyon, but a surprising
(D/H)BC ratio about one order of magnitude lower, caused by a
very low deuterium column density in the BC. We thus adopted
in a first attempt the conservative method of adding an extra
constraint by fixing the standard value (D/H)LIC = 1.6× 10
−5
in our Lyman α fits, and to let (D/H)BC free in order to study
this ratio. We found then (D/H)BC< 0.5× 10
−5.
The critical point which caused this very low D/H ratio is
the D i column density in the BC, which should not easily ex-
ceed 1 × 1012 cm−2 in the frame of our assumptions and as
indicated by the χ2. A D/H ratio of order 1.6 × 10−5 in BC
thus requires a very low H i column density in BC, implying a
ratio NLIC(H i)/NBC(H i) ≥ 10. This comes in contrast to a
ratio NLIC(N i)/NBC(N i) ≃ 1.4, N i column densities being
accurate because obtained from several non-saturated lines (it
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Fig. 9. Fit of the “pure interstellar” Lyman α line toward Sirius by a
Voigt profil, the stellar continuum being fitted by a 3rd order polyno-
mial. The continuum polynomial obtained is close to unity and inter-
stellar column densities are close to those found if the stellar continuum
is assumed to unity. Thus, systematic uncertainty in the stellar contin-
uum does not seem to imply a serious uncertainty on our result. The
specrum fitted in Fig. 11 and Fig. 12 is normalized by this 3rd order
polynomial.
of H i (Ferlet 1981), a ratio NLIC(H i)/NBC(H i) between 0.5
and 4 seems more realistic.
In order to obtain the most accurate results, we investigated
and estimated the effects of possible systematic errors in our
fits, possibly related to the set of assumptions made.
The first cause of systematic uncertainty is the shape of
the Lyman α continuum. Indeed, as discussed in Sect. 4.1, the
normalization of the Sirius B Lyman α line, whose center lies
in the blue wing of the “pure interstellar” Lyman α line, de-
pends on both the choice of the stellar model and the veloc-
ity shift of the photospheric line, which is not known to better
than±15 km s−1.Whereas the “pure interstellar” spectrumwas
previously fitted without allowing the continuum level to vary
during the fitting routine (the continuum was fixed at unity), we
then added more freedom by having a 3rd order polynomial in
order to fit the stellar continuum, this polynomial being fitted
simultaneously with the Voigt functions (see Fig. 9). Because
the new corrected continuum is close to unity and H i and D i
column densities are similar to the ones found previously, this
eliminates hidden systematics in the continuum as a serious
compromise in our fit. In addition one should note that the in-
accuracy of the fit related to the Sirius B photospheric Lyman α
line does not affect significantly the blue wing of the “pure in-
terstellar” line, as already mentioned in Sect. 4.1. Although this
correction was tiny, we normalized the “pure interstellar” spec-
tra by this 3rd order polynomial to erase as well as possible the
systmatics related to the profile, which may mimic interstellar
damping wings.
A second cause of systematic uncertainty is the instrumen-
tal velocity shift between the Sirius A and Sirius B G140M
Lyman α lines, which can be ±5 km s−1, as seen above. The
shape of the “pure interstellar” Lymanα line is compromised by
this uncertainty. In order to quantify this effect we constructed
two other “pure interstellar” spectra, one in which both wings
of the Lyman α were 5 km s−1 nearer in comparison with the
nominal spectra, and one inwhich theywere 5 km s−1 more dis-
tant. The fits of these two spectra did not provide very different
results, and again produced a low (D/H)BC ratio.
We also estimated the influence of the zero flux level on the
result. By studying χ2 variations as a function of different zero
flux levels, we found that the zero level of this saturated line is
known to ±3% of the continuum flux level, in agreement with
our previous estimation (see Sect. 2.2). Fitting lines with zero
levels 3% higher or 3% lower gave again very similar result,
with low (D/H)BC ratio.
The last systematic which we studied is the effect of the
uncertainty on the structure of the sightline. Indeed, we fix in
the fiting of the Lyman α line the values: TBC = 3000 K,
TLIC = 8000 K, σBC = 2.7 km s
−1, σLIC = 0.5 km s
−1, and
∆vLIC−BC = 5.9 km s
−1, found in Sect. 3.2 by the study of
metal lines. We used the error bars on T , σ and ∆vLIC−BC re-
ported in Table 3 to perform extra fits with different constraints,
i.e. with components more or less broad, or more or less shifted
from each other. Once again, we found similar results and low
(D/H)BC ratio.
Whereas all these tests allowed us to estimate systematic
error bars, we evaluated statistical errors by the ∆χ2 method,
fixing the (D/H)BC to a value, and looking for the best χ
2 for
this given value, and iterating. The evolution of∆χ2 as a func-
tion of (D/H)BC is reported on Fig. 10. Following the same cri-
terion as Vidal-Madjar et al. (1998), we obtain ∆χ2=10 for
(D/H)BC= 1.6 × 10
−5. This statistical error is rather large,
due to the relativelly low S/N and spectral resolution. Possi-
ble systematic effects discussed above are thus negligible in
comparison with this statistical uncertainty. However, we were
able to apply this ∆χ2 method only to the “pure interstellar”
spectrum, even though the blue wing of the Sirius A Lyman α
contains some information, and in particular also prohibits too
high (D/H)BC values.
We note that comparingmany lines of sight through the LIC,
Linsky (1998) recently estimates a mean value of (D/H)LIC=
1.50×10−5±0.10. If we assume that value, we obtain∆χ2=10
for (D/H)BC= 1.7 × 10
−5.
We finally completed another study by fitting the “pure
interstellar” Lyman α spectrum by relaxing the constraints
on (D/H)LIC, and assuming that the D/H ratio is free but
the same in the two components, in order to find which
unique D/H ratio is compatible with our data. While keeping
a NLIC(H i)/NBC(H i) close to unity as above, we found that
unique ratio to be D/H= 1.2 × 10−5. Although we cannot ex-
clude this result, this fit is significantly worse with a same D/H
ratio in both clouds, rather thanwith two different ones as above.
Fits with higher common D/H ratios (1.4 or 1.6 × 10−5) de-
grade even more the quality of the fit (see Fig. 11) and could be
rejected in term of χ2. These data seems thus to reject the possi-
bility of a unique (D/H)ISM ratio in both components although
marginally.
In brief, the results which we obtained in terms of H i and
D i column densities, and D/H ratios, for the BC and the LIC are
summarized in Table 4. The range which we finally obtain in the
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Fig. 10. ∆χ2 as a function of (D/H)BC [(D/H)LIC being fixed at =
1.6×10−5]. The fits are made on the “pure interstellar” spectrum. The
criterion 0 <∆χ2< 10 allow the range 0 <(D/H)BC< 1.6 × 10
−5.
Fig. 11. Fit of the “pure interstellar” Lyman α line assuming
(D/H)LIC=(D/H)BC=1.6 × 10
−5. The quality of the fit in the blue
wing of the line is degraded in that case in comparison with the case
assuming a lower (D/H)BC ratio (see Fig. 12).
Table 4. H i and D i column densities in BC and LIC clouds obtained
by fitting of the “pure interstellar” Lyman α line (see fit in Fig. 12).
Component BC LIC















Blue Component for the deuterium abundance is 0 <(D/H)BC<
1.6× 10−5. The upper limit (D/H)BC< 1.6× 10
−5 correponds
to a ∆χ2= 10 in comparison with the lowest χ2 obtained for
(D/H)BC< 0.5×10
−5. Thus we found that the deuterium abun-
dance could be equal to 1.6× 10−5 in LIC and BC, but with a
low probability according to our data. Moreover our ∆χ2 was
obtained from the “pure interstellar” spectrum. Although we
were unable to fit the deuterium Sirius A line because of the
stellar wind feature, that line shows also that the deuterium col-
umn density could not be too high. That suggests a lower upper
limit for (D/H)BC.
Fig. 12. Final fit of the “pure interstellar” Lyman α line toward Sirius,
in which radial velocity shift ∆vLIC−BC, temperatures and turbulent
velocities of BC and LIC are fixed from Table 3. (D/H)LIC is fixed at
1.6 × 10−5, and (D/H)BC at 0.5 × 10
−5.
Fig. 12 shows one of the best fits of the “pure interstellar”
spectrum which we obtained, with the values (D/H)LIC= 1.6×
10−5 and (D/H)BC= 0.5× 10
−5.
4.4. No-confirmation of the detection
of a diffuse cloud boundary
Bertin et al. (1995a) reported the detection of excess absorption
in the red wing of the Sirius A Lyman α line and interpreted it
as being due to a warmer very diffuse neutral region, whichmay
originate from an evaporative interface between the hot “Local
Bubble” and the warm interstellar gas. Izmodenov et al. (1999)
proposed to explain that red excess in a different way, by the
absorption of the neutralized, compressed solar wind from the
heliosheath in the downwind direction.
We do not detect in our data the signature of that third ab-
sorber previously seen by Bertin et al (1995a) in the Sirius A
Lyman α line, despite very similar Lyman α profiles. This dis-
agreement is neither due to a difference between the two spectra,
caused for example by possible errors in the different data reduc-
tion procedures used for the different data sets gathered toward
Sirius A using the G160M grating (Bertin et al. 1995a) and the
G140M grating (our case), nor by real changes in the stellar line
profile since both our Lymanα Sirius A spectra are very similar.
It is due to a different analysis of two almost identical spectra. In
effect, the cause of this disagreement comes from the different
D i column densities we derive for the two components thanks
to the Sirius B Lyman α observation (clean over the D i line),
compared to the ones evaluated by Bertin et al. (1995a) from
Sirius A Lyman α alone. Indeed Bertin et al. (1995a) evaluated
D i column densities from Sirius A first, and derived H i col-
umn densities using the Linsky et al. (1993) (D/H)ISM ratio as
a unique common value. In addition to the fact that we do not
find the same (D/H)ISM ratio for the two components, we argue
that the D i column densities obtained from Sirius A Lyman α
line are less reliable than those obtained from Sirius B Lyman α
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excess, located near the wavelength of D i, casts some doubts
on the determination of the D i column density by Bertin et
al. (1995a).
In effect we found a total D i column density 1.4 times larger
than the one found by Bertin et al. (1995a) and, according to our
composite profile, a total H i column density 1.9 times larger.
This explains the differences between the two studies. Bertin
et al. (1995a) also noticed that the H i total column density
they found was smaller than other evaluations in short lines
of sight and in particular to the one obtained by Bruhweiler
& Kondo (1982) toward Sirius B from the N i column density
using IUE:N(H i) = 8.5× 1017 cm−2. Here we find a slightly
lower total column density N(H i) ∼ 6.5 × 1017cm−2. Our
value however agrees well with the recent result by Holberg et
al. (1998) who found toward Sirius B, from Si ii, O i and C ii
column densities: N(H i) = 5.2+1.4
−1.1 × 10
17 cm−2.
In addition, we note that Izmodenov et al. (1999) propose
to explain the aborption excess in the blue wing of the Lyman α
line toward Sirius A by hydrogen atoms formed in an astro-
sphere around Sirius, similar to the heliosphere around the Sun.
However, our data obtained toward Sirius B show that we do
not observe such a blue excess toward the Sirius A companion.
The two stars being separated by ∼ 10 AU at the time of our
observations and the siriosphere having a size of about 200 AU,
the siriosphere aborption should have been observed toward
Sirius A and Sirius B with similar amounts of absorption. The
fact that we observe it only toward Sirius A favours the stellar
wind interpretation rather than the siriosphere one. The Sirius A
wind proposed byBertin et al. (1995b) is thus themore probable
explanation since it was also detected in the Mg ii doublet.
5. Analysis of the metal lines
In this section we discuss briefly the abundances measured in
the metal lines.
5.1. C, N, O and Si abundances and depletions
Any discussion in the abundances and depletion level of C, N,
O and Si is compromised by the uncertainties in the column
density of H i (especially of BC) and the metal lines (especially
C ii).
Nonetheless, comparing the column densities of the N i, O i,
Si ii and C ii lines of the BC and the LIC relative to their respec-
tive H i values, we determined the depletion factors as listed in
Table 5.
For BC, N i, O i and Si ii show a depletion factor relative
to the solar one (Anders & Grevesse 1989) of ∼ 2.5 whereas
C ii is depleted by a smaller factor of ∼ 1.2. For LIC, N i and
Si ii show a depletion factor of∼ 4.5, C ii is over abundant by a
factor 2.5. In LIC, as opposed to BC, O i does not show a similar
depletion to N i and Si ii.
Instead of comparing column densities to H i we used N i,
assuming N i traces H i well. We find depletions as shown in
Table 5. Again C ii and O i interstellar abundances appear too
high in the LIC.
Table 5. Depletion factors relative to solar values (i.e. solar abun-
dance divided by measured interstellar abundance). Solar abundances
are from Anders & Grevesse (1989).
BC LIC BC LIC
N i/H i 2.6 4.2 – – –
O i/H i 2.7 0.9 O i/N i 1.1 0.2
Si ii/H i 2.3 5.0 Si ii/N i 1.1 1.2
C ii/H i 1.2 0.4 C ii/N i 0.5 0.1
Fe ii/H i 19.0 13.8 Fe ii/N i 3.7 3.3
Mg ii/H i 6.7 9.0 Mg ii/N i 2.6 2.2
Linsky et al. (1995) mesured in the LIC toward Capella
106×N(O i)/N(H i) ≃ 480 from GHRS observations. Meyer
et al. (1998) derived from GHRS observations the accurate
average ISM gas neutral abundance 106 × N(O i)/N(H i) =




−270, so the O i column density which we ob-
tained in the LIC appears be higher than other evaluations.
About N i, Meyer et al. (1997) derived the average ISM
abundance 106 × N(N i)/N(H i) = 75 ± 4, which is more
accurate than the one obtained by Ferlet (1981): 106 ×
N(N i)/N(H i) = 62+45
−34. We obtained inside BC and LIC
37±15 and 32±7 respectively, which appear to be low values,
although compatible with the Ferlet (1981) value. We note that
already Vidal-Madjar et al. (1998) found a low N i abundance
on average toward G191-B2B: 106×N(N i)/N(H i) = 33±2.
This seems to confirm a rather low N i content in the local ISM
relative to the average ISM value.
On the other hand, column densities of C ii and O i in the
LIC appear too high. These two lines being saturated and not
clearly showing the two components as other metal lines, it
could mean that the column densities derived for C ii and O i
are slightly overestimated.
5.2. Ionization of the Local Interstellar Cloud
We obtained four spectra on the spectral region of the 1334 A˚
C ii line, toward Sirius A or Sirius B with high and medium
spectral resolution. We did not significantly detect the inter-
stellar excited-state C ii* line at 1335.7 A˚. Assuming the above
results for thewidth of the LIC lines, the criterion on the limiting
detectable equivalent width at 3σ [Wlim ≡
3∆λ
S/N , see He´brard
et al. (1997)] gives the lower valueWlim ≃ 1.5mA˚ on Sirius B
spectra (see Fig. 13) and the upper limit of NLIC(C ii*) ≤







Wood & Linsky (1997) used this ratio to derive the electron
density from the equation of the equilibrium between collisional
excitation to excited-state C ii* and radiative de-excitation to
ground-state C ii:
N(C ii∗)×A21 = N(C ii)× ne C12(T ).
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Fig. 13.High (top) andmedium (bottom) resolution normalized spectra
of the C ii* line at 1335.7 A˚ toward Sirius B. The thick solid line
corresponds to the limiting 1.5 mA˚ detectable equivalent width at 3σ.
The interstellar line is not significantly detected.




LIC toward Capella. Using the same method toward the white
dwarf REJ 1032-532, Holberg et al. (1999) derive the same
value for the LIC: ne = 0.11
+0.07
−0.06 cm
−3. Our non-detection of
C ii* in the LIC toward Sirius gives the limit ne ≤ 0.05 cm
−3,
followingWood&Linsky (1997) and references therein in order
to find the value for the radiative de-excitation rate coefficient
A21 and determine the value of the collision rate coefficient
C12(T ) for T=8000 K. Wood & Linsky (1997) used the value
T =7000K,which is the temperature usually found for the LIC.
Using T =7000 K in our calculation leads to a very slightly
and non-significantly lower value for ne compared to the one
obtained using T =8000 K.
This low value ofne indicates a rather low ionization, which
could be argued for also by the non-detection of the Si iii inter-
stellar line at 1206.5 A˚. The Sirius A Si iii photospheric line ap-
pears near 0 km s−1 but no interstellar Si iii line is significantly
detected on any of our four spectra in that spectral region, toward
Sirius A or Sirius B with high and medium spectral resolution.
The lower limiting detectable equivalent width at 3σ found, ob-
tained on Sirius B spectra (see Fig. 14), isWlim ≃ 3 mA˚, from
whichwe derive the upper limitNLIC(Si iii)≤ 1.5×10
11 cm−2






This non-detection of the line Si iii at 1206.5 A˚ is surprising
because this line was detected in the LIC by Gry et al. (1995)
toward ǫ CMa which is located only 12◦ away from Sirius.
They derived the column density NLIC(Si iii) = 2.0 ± 0.2 ×
1012 cm−2 which is a value more than 10 times larger than our
upper limit! If the line detected by Gry et al. (1995) is actually
caused by the LIC and not by another more distant cloud whose
radial velocity is by coincidence confusedwith the LIC one, this
may mean that the ionization in the LIC varies over very short
Fig. 14.High (top) andmedium (bottom) resolution normalized spectra
of the Si iii line at 1206.5 A˚ toward Sirius B. The thick solid line
corresponds to the limiting 3 mA˚ detectable equivalent width at 3σ.
The interstellar line is not significantly detected.
distances. This non-detection may confirm the non-detection of
Si iii in the LIC already reported toward G191-B2B by Vidal-
Madjar et al. (1998). Moreover, Holberg et al. (1999) claimed
that it is quite doubtful that the Si iii ISM absorption line that
they detected towardREJ 1032-532 is produced in theLIC.Thus
it seems to favour the idea that another cloud in the long line of
sight toward ǫCMa is by coincidence at a radial velocity similar
to the LIC one. Note that Gry et al. (1995) do not detected Si iii
in their “component 2”, in agreement with our non-detection of
that ion in “BC” toward Sirius, which is identified as the same
component.
In addition, Dupin & Gry (1998) detected a saturated Si iii
line at 1206.5 A˚ in their component “D” toward β CMa, which
is located at less than 6◦ from Sirius. They derived the column
density N(Si iii) = (1.5–10) × 1014 cm−2. Since the veloc-
ity of that component does not correspond to the LIC, this huge
Si iii column density could be interpreted as a sign that the com-
ponent “D”, detected by Dupin & Gry (1998) toward β CMa,
is probably located beyond Sirius and may explain some Si iii
absorption in the ǫ CMa line of sight, for instance at the LIC
velocity.
6. Discussion
Our D/H evaluation is made assuming the three following main
hypotheses:
– The structure of the interstellar medium is the same toward
Sirius A and Sirius B. Thus we detect the same interstellar
clouds with the same physical properties toward these two
targets.
– The H i and D i interstellar structure at Lyman α is the one
determined through the O i, N i, Si ii, C ii, Fe ii and Mg ii
lines. Then the physical properties (temperature, turbulence,
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there is no extra H i or D i interstellar component in addition
to the BC and the LIC.
– The processeswhich are responsible for the extra absorption
in the blue wing of the Lyman α line toward Sirius A and in
the red wing of the Lyman α line toward Sirius B are from
stellar origin and do not perturb theBC andLIC absorptions.
In addition, each process on each Lyman α wing does not
reach the other wing. Thus, the composite Lyman α line
formed by the red wing of the Sirius A and the blue wing
of the Sirius B is a “pure interstellar” Lyman α line, and
presents absorptions caused only by the BC and LIC.
The first assumption is justified by the small distance be-
tween the two stars (∼ 10 AU). The second assumption is less
strongly justified and one can imagine a low column density H i
component without detectable metal line, but with a still signif-
icant absorption at Lyman α. The most we can argue is that it is
possible to fit the “pure interstellar” Lyman α line only with the
BC and the LIC as found with the metal lines and that no extra
component is required by the data. We did not find any width or
velocity structure unexplained by our simple interstellar model
(i.e. only two components), as Linsky & Wood (1996) did e.g.
on the sightline of α Cen. This led them to the detection of an
extra H i component they called the “hydrogen wall”. We are
however unable to formally exclude the presence of additional
low H i column density clouds. The third assumption is justified
again by the proximity between the two targets whereas their
Lyman α absorptions are very different. This favours processes
linked to the stars as causes of the extra Lyman α absorptions.
Finally these suspected processes, the wind from Sirius A and
the Sirius B photospheric line shape, are unable to disturb the
other wing of the Lyman α line.
The reliability of our result is linked to the robustness of
these hypotheses and to the possible inaccuracy in the metal
column densities, as described in the Sect. 5.1. We can note
however that the C ii and O i column densities, suspected to be
too high, do not seriously constrain the Lyman α fit. Indeed,
the radial velocity shift of 5.9 km s−1 between BC and LIC
applied to the Lyman α line is essentially constrained by the
Fe ii, Mg ii and N i lines which only show clearly the BC and
LIC components. Moreover, we used N i and not O i as tracer of
H i, in order to argue that the H i column density ratio between
LIC and BC should be probably ranging between 0.5 and 4.
We thus concluded that possible inaccuracies in the C ii and O i
column densities do not affect our (D/H)ISM evaluation.
Although the value of (D/H)BC could be between 0 and
1.6×10−5, the best result is obtainedwith a lowvalue.We found
thus a (D/H)ISM abundancewhich seems to be low in one of the
twocomponents (BC) towardSiriuswithout being able tofind an
artifact able to explain that result. O and N are not overabundant
in this component. It is thus difficult to seeBCas a cloudpolluted
by D free material ejected by the planetary nebula preceeding
the formation of the white dwarf Sirius B since furthermore its
radial velocity shoud be blue-shifted, whereas the BC one is
redshifted. This fact does not agree with the simple idea of BC
being an expanding shell of material ejected by the planetary
nebula related to the white dwarf Sirius B.
After G191-B2B (Vidal-Madjar et al. 1998) and δOri (Jenk-
ins et al. 1999) on the line of sight of which low (D/H)ISM were
measured, Sirius seems to be a good candidate for finding an-
other low interstellar deuterium abundance.
The cause of these variations has to be understood in order
to know what is the actual value of the (D/H)ISM , if any. It is
difficult to see interstellar deuterium as the simple tracer of the
galactic chemical evolution. The study of its possible variation
as a function of the radial distance to the galactic center may
help us in that matter.
Moreover, if (D/H)ISM ratio actually presents dispersion,
one can argue that the other deuterium abundance evaluations,
i.e. proto-solar and primordial abundances, can also present
dispersion. Indeed, variations of interstellar abundance of deu-
terium was detected thanks to the large number of sightlines
available (several tens), whereas proto-solar and primordial
abundances are determined only from few targets. Taking into
consideration this problem, observing deuterium in the inter-
stellar medium toward a large number of sightlines is a good
way to proceed.
7. Conclusions
We have presented new spectroscopic observations of Sirius A
and Sirius B performed using HST-GHRS. 14 interstellar lines
were detected at high and/or medium spectral resolution. The
sightline, which is assumed to present the same structure toward
the two stars, is composed by two clouds: the Blue Component
(BC) and the Local Interstellar Cloud (LIC), in agreement with
the previous HST-GHRS observations of Sirius A reported by
Lallement et al. (1994).
The threemain results of our observations are the following:
– The Lyman α lines do not present the same profile toward
Sirius A and Sirius B, an extra absorption being observed
in the blue wing of the Sirius A Lyman α line, and an extra
absorption being observed in the red wing of the Sirius B
Lyman α line. We interpreted these excesses respectively as
the signatures of the wind from Sirius A and of the core of
the Sirius B photospheric Lyman α line.
– A composite Lyman α profile was constructed from these
two lines and fitted in order to measure the (D/H)ISM ra-
tio on the two components. Our data are compatible with
D/H ratio found in the LIC by Linsky et al. (1993 & 1995),
i.e. (D/H)LIC = 1.60 ± 0.09
+0.05
−0.10 × 10
−5. Our result is
(D/H)LIC = 1.6 ± 0.4 × 10
−5. In the other component,
BC, we did not detected a significant D i line. The ratio we
derived is 0 <(D/H)BC< 1.6 × 10
−5.
– We did not detect the interstellar absorption of Si iii at
1206.5 A˚ and C ii* at 1335.7 A˚. This implies a low elec-
tron density ne, for which we found the upper limit ne ≤
0.05 cm−3 in the LIC, assuming equilibrium between col-
lisional excitation to excited-state C ii* and radiative de-
excitation to ground-state C ii. Since measured values of the
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electron density are higher in the LIC toward other sight-
lines, the new value of ne toward Sirius could point to in-
homogeneities in the Local Interstellar Cloud.
The data are thus consistent with (D/H)BC in the range 0
to 1.6 × 10−5. The BC cloud is a candidate region for low
(D/H)ISM , but no definite conclusion about D/H can be made
at this time.We intend to continue the study of the Sirius system
until we can come to a definitive conclusion as to whether or
not a low (D/H)ISM is present in the BC. In particular, it is crit-
ically important that this experiment be done again with deep
HST-STIS observations to study the Lyman α line and FUSE
observations to study the higher Lyman lines. FUSE, the Far Ul-
traviolet Spectroscopic Explorer which was launched on June
24, 1999, will perform observations between 905 and 1187 A˚, at
a spectral resolution ofR = λ/∆λ ≃ 30, 000. The primary goal
of that mission is to observe deuterium toward more than one
hundred targets, from the Solar System and the local interstellar
medium up to extragalactic low-redshift objects. These dedi-
cated studies should greatly clarify the problem of the chemical
evolution of deuterium.
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 
















▼P❂ ❀ ❅❁❑❨❂ ❀ ❃✭✥ ▲ ❂✙❅ ❋❁❖
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❂ ❀ ❫ ▲ ❂ ❖ ❂❄❅❇❆✸▼❁❑❴➄✘❑❨❃
 
❂❈❂❄❃✴❂❄❅
✿◆▲❨❋ ❃❱❑❴❂ ❋P❀ ❃ ❂
➌
✿❚❉ ❃✯❑❴❆✯❑ ❉ ❅◆❃✭✥ ❂✷♥❚❂❄❪❿❆ ❋
 
❂❈❂❄❃ ✒❫ ▲ ❫✞❃ ❋ ❑❴❆❏❂ ❖ ❫■❑❨❃
 
❂❈➄■❂❄❅❇❆ ❋ ❂ ▲❩▲ ❂ ❖ ❂❄❅➆❆❛❃
 
❂ ✿ ❫ ❀
 
❂❈❂❄❃ ✿ ❫ ❀ ▼❁❂❄❃ ✿
 














✜ ❪❿❂ ▲❨▲ ❂❄❃
✳





❂ ❀ ❫ ▲ ❂ ❖ ❂❄❅➆❆✔▼P❂❣➍ ❋ ❫ ▲ ❑❴❆
 
❂❾❑❨❅◆❃ ❋ ✡ ❃✯❫■❅➆❆❏❂✧❂❈❆ ▲ ❫ ❀
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✿❚❉ ❃✯❑❴❆✯❑ ❉ ❅♦❪ ❉●❖❣✿❚❉■❀ ❆✯❫■❅❇❆
➉ ❋ ❑❴❆✙❃ ✿ ❂❄❪❿❆ ❀ ❂❄❃
❲
















✒ ✼✟✕✱✼   ✆ ✔ ✏✓☞✎✠✌✡✌☞ ✍ ❉✆❉ ✔ ❂ ❀ ✂✟✔✦❆ ❇✎✂✑✏   ✾ ✔ ❋ ✔✁✆ ☎ ✓ ✓
✝❛✓  
❂❄➍ ❋ ❑ ✿ ❂✬❃✯❪❈❑❨❂❄❅❇❆✯❑✪✩❊➍ ❋ ❂✔▼P❂
✶✷✰✗✖✘✁
✥❚➍ ❋ ❑ ❀
 
❂ ❋ ❅❁❑❴❆✑❫ ❋ ❆ ❉●❋P❀ ▼ ❋
★✥✜

















❉■❍ ➐❏❂❄❪❿❆✯❑ ➎ ❃ ❃✯❪❈❑❨❂❄❅❇❆✯❑✪✩❊➍ ❋ ❂❄❃ ✿❚❉●❋P❀ ❪❿❂❈❆❏❆❏❂
❖ ❑❨❃✯❃❱❑ ❉ ❅✕✔
✁
▲❩▲ ❂➃▼❁❑❨❃ ✿❊❉ ❃✯❂➃▼
✓




❉■❍ ❃❏❂ ❀ ➄➂❫➂❆✯❑ ❉ ❅ ✿❚❉●❋P❀
▲ ❂❄❃✌❫➂❆❏❆❏❂❄❑❨❅❁▼ ❀ ❂✛✔
✝❛✓
❉■❍ ➐❙❂❄❪❿❆✯❑ ➎✟✿❁❀ ❑❨❅❁❪❈❑ ✿ ❫ ▲ ▼P❂
✶✷✰✞✖✘✁
✥➆❂❄❅❯❆❏❂ ❀❱❖ ❂✞▼❁❂✑❅ ❉●❖✔❍❁❀ ❂✞▼
✓
❉■❀✯❍ ❑❴❆❏❂❄❃✭✥✘❪ ❉ ❅❁❃✯❑❨❃❏❆❏❂ ✒❫ ❖ ❂❄❃ ❋P❀ ❂ ❀✄▲
✓
❫ ❍❚❉ ❅❁▼◆❫■❅❁❪❿❂
▼ ❋ ▼P❂ ❋ ❆
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✝ ✒✳✾❀● ✾❬✴✭❇ ✾❆❅◆✸❉✴✷✺P✶❊✸❉✴✭●❀●❢❚✿✾❆✺✽✴❜●✪✼ ❳ ❚✿●
❲
✿❁❀✯❉■➋■❀ ❫ ❖❾❖ ❂
★
✖❈➁✿③➆❬❛✜ ▲ ❂❄❃✬❪❈❑ ❍◆▲ ❂❄❃ ❋ ❆✯❑ ▲ ❑❨❃
 
❂❈❂❄❃✬❃ ❉ ❅➆❆ ▼P❂❄❃
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✖❈➁✰♣●❬❫✜ ▲ ❂❄❃✑❪❈❑ ❍◆▲ ❂❄❃✙❪❭➉ ❉ ❑❨❃✯❑❨❂❄❃✆❃ ❉ ❅➆❆✍❂❄❃❱❃❏❂❄❅❇❆✯❑❨❂ ▲❨▲ ❂ ❖ ❂❄❅➆❆✆▼P❂❄❃
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✖❈➁ ✏●❬✕✜ ▲ ❂❄❃✲❪❈❑ ❍◆▲ ❂❄❃ ▼❁❂✪❪❿❂❄❃ ✿❁❀✯❉■➋■❀ ❫ ❖❾❖ ❂❄❃✲❃ ❉ ❅➆❆✲▼❁❂❄❃✲➍ ❋ ❫■❃✯❫ ❀ ❃✟❂❈❆✲▼P❂❄❃
❅ ❉ ➈ ❫ ❋
➌
❫■❪❿❆✯❑ ➎ ❃✆▼P❂ ➋ ❫ ▲ ❫
➌
❑❨❂❄❃ ✒❫ ➎ ❫■❑ ❍◆▲ ❂❄❃✌▼
 
❂❄❪❈❫ ▲ ❫ ➋ ❂❄❃✞❃ ✿ ❂❄❪❿❆ ❀ ❫ ❋
➌✇❲
✢ ✔✻➁✓④⑤✚●❬P✥ ✿ ❂ ❀❱❖ ❂❈❆❏❆✯❫■❅❇❆✑▼
✓







✖❈➁✰✘●❬❙✜ ▲ ❂ ❍◆❋ ❆✸▼❁❂✑❪❿❂ ✿❁❀❱❉■➋■❀ ❫ ❖❾❖ ❂✞❂❄❃❏❆✙▼P❂✞▼
 
❂❈❆❏❂ ❀❱❖ ❑❩❅P❂ ❀
❲❳✠✐✉➅✩




















































































❑ ✒❂ ❖ ❂ ➋■❀ ❫■❅❁▼ ✿❁❀❱❉■➋■❀ ❫ ❖❾❖ ❂ ▼P❂
✶ ✰✗✖✘✁
❫ ✿❚❉●❋P❀✧❉■❍ ➐❙❂❈❆ ▲
✓  
❂❈❆ ❋ ▼❁❂ ▼❁❂ ▲ ❫ ✿ ➉❁❫■❃✯❂❯❪ ❉■❀✯❉ ❅◆❫ ▲ ❂
❲✓✒
✤




✖❄➀■➀●❬P✥ ▲ ❂ ➉❁❫ ▲❴❉
❲❳★






















































































❂❄❃✞▼P❂ ❪❿❂❈❆✑❑ ❉ ❅ ❀
 
❂❄❃✯❑❩▼P❂✔▼❁❫■❅◆❃✍❃ ❉ ❅ ✿❚❉ ❆❏❂❄❅❇❆✯❑❨❂ ▲
▼
✓








❬✸➍ ❋ ❑ ▲ ❂ ❀ ❂❄❅❁▼ ▼❁❑ ✡ ❪❈❑ ▲ ❂ ✒❫ ❑ ❉ ❅❁❑❨❃❏❂ ❀ ✔✱✫✄❂❄❫ ❋ ❪ ❉●❋P✿ ▼P❂☛❪❈❑ ❍◆▲ ❂❄❃✸▼P❂✗❪❿❂❄❃ ✿◆❀✯❉■➋■❀ ❫ ❖❾❖ ❂❄❃






❂❄❃✷❫ ❋ ❆ ❀ ❂❄❃ ✿◆❀✯❉■➋■❀ ❫ ❖❾❖ ❂❄❃✷▼P❂ ▲
✓  






































































✥■❪ ❉●❖❾❖ ❂ ✿ ❫ ❀ ❂
➌




❂ ❀ ❅❁❂ ❀ ✔
✰
❅❁❂✄▼❁❑ ▲ ❫■❑❨❅P❂✸▼P❂ ✿◆❀✯❉■➋■❀ ❫ ❖❾❖ ❂❄❃✙✥
♣✰✧
 ✪✁   ✁































▲ ❃ ❉ ❅❇❆ ✿❊❉●❋❁❀ ❃ ❋ ➐❏❂❈❆✯❃✆❅ ❉
✳
❆✯❫ ❖➃❖ ❂❄❅❇❆ ▲ ❫ ✿ ➉ ➈ ❃❱❑❨➍ ❋ ❂✞❃✯❆❏❂ ▲❨▲ ❫■❑ ❀ ❂✞❂❈❆ ▲ ❂❄❃ ❖ ❑ ▲ ❑❨❂ ❋
➌








































✿ ▲❨❋ ❃✑▼P❂❯♣➂➁ ✳ ▼ ❋ ❆❏❂ ❖❣✿ ❃✍❆ ❉ ❆✯❫ ▲ ▼
✓
❉■❍ ❃❏❂ ❀ ➄➂❫➂❆✯❑ ❉ ❅ ❂❄❃❏❆ ❉●❋ ➄■❂ ❀ ❆ ✒❫ ▲ ❫❯❪ ❉●❖❾❖✧❋ ❅❁❫ ❋ ❆
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✿◆❀✯❉■➋■❀ ❫ ❖❾❖ ❂✔▼
✓










❂ ✿ ❫ ❀ ❆✯❑❴❆✯❑ ❉ ❅ ✿❁❀
 
❂❈➄ ❋ ❂✬▼ ❋ ❆❏❂ ❖❣✿ ❃✆▼
✓
❉■❍ ❃✯❂ ❀ ➄➅❫➂❆✯❑ ❉ ❅ ✿❚❉●❋P❀ ❪❿❂❄❃
▼◆❑✪♥
 











































☞✍✚✱✜ ✢✓✌✓✒✤✌✓✒✄✔✖✕ ✗✯✮✰✌✎☞✭✪ ✚✱✷ ✗ ✌ ✔
✕
✷✸☞✭✢ ✌ ✜ ✌✽✒✤✔✹✕ ✗✙☞✤✛✣✢✤✘✦✥ ✾
✂
➈ ❪ ▲ ❂❯✖
✂
➈ ❪ ▲ ❂✬➀
✂
➈ ❪ ▲ ❂❡✚
✳ ❅ ❍◆❀ ❂✛✔❁▼
✓
❉■❀✯❍ ❑❨❆❏❂❄❃ ✳ ❅ ❍❁❀ ❂✛✔❁▼
✓




❀❱❉■➋■❀ ❫ ❖❾❖ ❂❄❃
★✥✜




































❂❄❃ ❬ ➀✛♣ ✳ ✖✙✚➂➁■➁ ③❥♣☛✳ ➀✛✚❵③●➁ ❽➂➁☛✳ ✚✓✖❄➀➂➁
✂
❫ ▲ ❑ ❍❁❀ ❫➂❆✯❑ ❉ ❅❁❃










❅❁❂ ✿ ❫ ❀ ❆✯❑❴❂ ❑ ❖❾✿❊❉■❀ ❆✯❫■❅❇❆❏❂ ▼P❂ ▲ ❫ ✿❁❀
 
❂ ✿ ❫ ❀ ❫➂❆✯❑ ❉ ❅ ▼P❂
✶ ✰✗✖✘✁




❂ ▲ ❂❄❪❿❆✯❑ ❉ ❅◆❅P❂ ❀❣▲ ❂❄❃ ❖ ❂❄❑ ▲❨▲ ❂ ❋P❀ ❂❄❃
❪❈❑ ❍◆▲ ❂❄❃✌❃ ❋P❀✍▲ ❂❄❃ ▲ ❑ ➋ ❅❁❂❄❃✌▼P❂✗➄✭❑❩❃
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❅ ❉ ❆✯❫ ❖❾❖ ❂❄❅➆❆➃❫ ❋✡❖❣❉ ➈ ❂❄❅✡▼
✓
❉■❍ ❃❏❂ ❀ ➄➅❫➂❆✯❑ ❉ ❅◆❃❣❫ ❋ ❃ ❉●▲ ✔
✁






❂ ▲ ❂❄❪❿❆✯❑ ❉ ❅✡▼P❂ ❅
 
❂ ❍ ❋❁▲ ❂ ❋ ❃❏❂❄❃
✿ ▲ ❫■❅
 
❂❈❆✯❫■❑ ❀ ❂❄❃ ✒❫ ❉■❍ ❃❏❂ ❀ ➄■❂ ❀ ❫❄➄■❂❄❪
✶ ✰✗✖✘✁
✔































































































❂ ▲ ❂❄❪❿❆✯❑ ❉ ❅✧▼P❂❄❃✟❅◆❫■❑❨❅P❂❄❃ ❍◆▲ ❫■❅◆❪❱➉P❂❄❃ ▲ ❂❄❃ ✿◆▲❨❋ ❃ ➎ ❫ ➄ ❉■❀ ❫ ❍◆▲ ❂❄❃✲❫ ❋
➌




























✿◆❀ ❑❨❅❁❪❈❑ ✿ ❫ ❋
➌
❪ ❀ ❑❴❆ ✒❂ ❀ ❂❄❃ ❀ ❂❈❆❏❂❄❅ ❋ ❃ ✿❚❉●❋P❀ ❪❿❂❈❆❏❆❏❂✧❃
 







❫ ❋ ➎ ❉ ❅❁▼ ▼❁❂❄❃ ❀ ❫■❑❨❂❄❃
✩ ★
✿ ➉ ❉ ❆ ❉ ❃ ✿ ➉
 
❂ ❀ ❑❨➍ ❋ ❂❄❃✆▼ ❉ ❑❴❆ ✱
❂❈❆ ❀ ❂✧❃ ❋ ✡ ❃✯❫ ❖❾❖ ❂❄❅❇❆✑❑ ❖❣✿❚❉■❀ ❆✯❫■❅➆❆
✿❚❉●❋P❀✌✿ ❂ ❀❱❖ ❂❈❆❏❆ ❀ ❂ ▲
✓











▼ ❋ ▼P❂ ❋ ❆
 
❂ ❀ ❑ ❋❁❖ ▼P❂❈➄✭❑❨❂❄❅❇❆❣❂
➌
❆ ❀ ✱
❂ ❖ ❂ ❖ ❂❄❅➆❆ ➎ ❫■❑ ❍◆▲ ❂
✿❚❉●❋P❀ ▼❁❂❄❃✑▼❁❂❄❅❁❃✯❑❴❆
 
❂❄❃✗▼P❂ ❪ ❉●▲❴❉ ❅❁❅P❂ ▼P❂ ▲
✓
❉■❀ ▼ ❀ ❂✔▼P❂✈✖❈➁
✔ ❄ ❪ ❖
✜ ❂❵✔
✁
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✖✷③❥✘❵③❥✘✛✘✿✫ ✖✛✖✿✔ ✧ ③❥✘✛♣➂➁■➁ ✧ ✔✕➁ ✚■❽ ✖✙♣➂➁✓✔⑤♣ ✖✛✖❄❽✱✔ ✏ ✏➂➁✓✔ ✧
➀■➀✓✖✛✖ ☎❍③❥✘✓✖
✎✆✁






➁■➁■➁ ✏✛♣ ✖✙✚✱✔ ➀ ✖❈➁■➁■➁■➁■➁ ✖❄➀✱✔✕➁ ✖✛✖❈➁ ✏■❽✱✔ ✧ ✧➅➁✓✔⑤♣ ③ ✏✱✔⑤✘
➁●❽■➀✓✖ ☎ ✚✰✧➂❽
✎✆✁
➁●❽■➀✛✚ ☎ ✚✰✧ ③ ✖❄➀✱✔ ✖ ♣✒✏■➀➂➁■➁ ♣✱✔✕➁ ✧ ③ ♣✛✘✱✔ ③ ♣✛♣✱✔ ❽ ♣✓✖✿✔⑤✚
➁●➀✛✚■➀✓✒✞➁✰✚✛♣
✶
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✓  
❂❈❆ ❉ ❑ ▲ ❂➃❪❿❂❄❅➆❆ ❀ ❫ ▲ ❂❯▼P❂ ▲ ❫ ❅
 
❂ ❍ ❋❁▲ ❂ ❋ ❃❏❂ ✿ ▲ ❫■❅
 






❂❄❃❏❆✯❑ ❖ ❫➂❆✯❑ ❉ ❅



















































































































❂❈❂❜❫❄➄■❂❄❪ ❃ ❋ ❪❈❪ ✒❂❄❃ ▲ ❂




❫■❅❁❫❄➄■❂ ❀ ❫ ▲ ✔
✝
❂ ▲ ❫■❅❁❪❿❂ ❖ ❂❄❅➆❆✸❫ ❃ ❋❁❍ ❑❴❆✪▼❁❂✑❅ ❉●❖✔❍❁❀ ❂ ❋
➌
❀ ❂❈❆✯❫ ❀ ▼❁❃✙✥✭▼ ❋ ❃✪❅ ❉ ❆✯❫ ❖➃❖ ❂❄❅❇❆
✒❫ ▲ ❫ ✿❁❀✯❉●▲❴❉ ❅ ➋ ❫➂❆✯❑ ❉ ❅❼▼❁❂❄❃ ❆❏❂❄❃❏❆✯❃❣❫ ❋ ❃ ❉●▲ ✔
✜
▲ ❂❄❃✯❆ ✒❫ ✿◆❀
 






















❂❈❂❄❃ ✿ ❫ ❀
✖




▲❨▲ ❂❄❃✲❃ ❉ ❅➆❆✭✥●▼❁❫■❅❁❃ ▲
✓































▼P❂ ▲ ❫ ▲❴❉ ❅ ➋●❋ ❂ ❋P❀ ▼
✓









▲ ❂❄❃ ✫ ❋
➌
❃ ❉ ❅❇❆✔❪❈❫ ▲ ❑ ❍❁❀
 
❂❄❃☛❃ ❋P❀ ▼P❂❄❃☛❅◆❫■❑❨❅P❂❄❃ ❍◆▲ ❫■❅❁❪❱➉P❂❄❃ ❬P✔
✝

















































































❫ ❋ ❆ ❀ ❂✛✔
★
▲❨❋ ❃✪❑ ❖❣✿❚❉■❀ ❆✯❫■❅➆❆❏❂✍➍ ❋ ❂ ✿❁❀
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❂❈❂ ✒❫ ✿ ❫ ❀ ❆✯❑ ❀ ▼
✓

















































❂ ▲ ❑ ❉ ❪❿❂❄❅❇❆ ❀ ❑❨➍ ❋ ❂❄❃✆❫ ❍ ❃ ❉●▲❩❋ ❂❄❃ ✒❫ ❖ ❑❴❂ ❋
➌






❂❄❃ ❉●▲❩❋ ❆✯❑ ❉ ❅ ❃ ✿ ❂❄❪❿❆ ❀ ❫ ▲ ❂ ❉■❍ ❆❏❂❄❅ ❋ ❂✛✥❊➍ ❋ ❂✧❪❿❂✔❃ ❉ ❑❨❆










❋ ❆✯❑ ▲ ❑❨❃✯❫➂❆✯❑ ❉ ❅❜▼P❂ ▲ ❫ ➎ ❂❄❅❇❆❏❂
✩✆✜❙✎✑✖
❂❈❆
▲ ❫❯❪ ❉■❀✯❀ ❂❄❪❿❆✯❑ ❉ ❅ ▼P❂ ▲
✓
❫■❃❏❆✯❑ ➋●❖ ❫➂❆✯❑❨❃ ❖ ❂
❲




❂❈❂ ❬✑▼P❂❈➄ ❀ ❫■❑❴❂❄❅❇❆ ✿ ❂ ❀❱❖ ❂❈❆❏❆ ❀ ❂ ✒❫❯❆❏❂ ❀❱❖ ❂❣▼
✓
❫ ❋❁➋●❖ ❂❄❅❇❆❏❂ ❀









































✫ ▲ ❫■❑ ❀ ❂❈❆✟❫ ▲ ✔ ➀➂➁■➁■➁❇❬ ❂❈❆✟❃ ❋P❀
✜
❅➆❆❏❂ ❀ ❅P❂❈❆ ✒❫ ▲
✓
❫■▼ ❀ ❂❄❃❱❃❏❂✴❃ ❋ ❑❴➄➂❫■❅❇❆❏❂✴❵
☎✙✆✞✆✠✟☛✡ ☞✎☞
 ✁ ✂ 
✚ ✔✠✍✗✟☛✚ ✪✥✏ ☞☎✄✥★ ✜✗✘
✔
✝
❂ ❪❱➉❁❫ ✿ ❑❨❆ ❀ ❂ ❃ ❋ ❑❴➄➅❫■❅➆❆ ✿❁❀
 
















✄✆☎ ✏ ✁ ☎ ✄
✁
✑ ☛✌✠✎✍✑✏✡✞ ☎
☎ ✄ ✄ ☎ ✄✝✆
✝













❂✑❪❱➉❁❫ ✿ ❑❴❆ ❀ ❂ ✿❁❀
 
❂❄❃✯❂❄❅❇❆❏❂ ▲ ❂❄❃ ✿◆❀ ❂ ❖ ❑ ✒❂ ❀ ❂❄❃
 




❫■❑ ✿◆❋➃❖ ❂❄❅P❂ ❀ ▼❁❫■❅◆❃
▲ ❂☛❪❈❫■▼ ❀ ❂☛▼❁❂❄❃ ✿❁❀✯❉■➋■❀ ❫ ❖➃❖ ❂❄❃✆▼P❂ ❖ ❂❄❃ ❋P❀ ❂☛▼P❂ ▲
✓
❫ ❍❊❉ ❅◆▼❁❫■❅❁❪❿❂✗▼ ❋ ▼P❂ ❋ ❆
 
❂ ❀ ❑ ❋❁❖ ✔
✝
❂❄❃ ✿❁❀ ❂ ❖ ❑❴❂ ❀ ❃ ❖❣❉ ❑❨❃✑▼
✓




❉ ❅➆❆ ✿ ❫■❃ ✿ ❂ ❀❱❖ ❑❩❃✆▼
✓
❑❨▼❁❂❄❅❇❆✯❑✪✩ ❂ ❀ ▼P❂✧❪❈❑ ❍◆▲ ❂❄❃ ➎ ❫ ➄ ❉■❀ ❫ ❍◆▲ ❂❄❃

















































❂ ▲❨▲ ❂❄❃ ❉ ❅❇❆ ✿ ❂ ❀❱❖ ❑❨❃✪▼P❂ ❖ ❂❈❆❏❆ ❀ ❂✞❂❄❅
 
❂❈➄✘❑❨▼P❂❄❅◆❪❿❂ ▲ ❂❄❃ ✿❁❀❱❉■❍◆▲✻✒❂ ❖ ❂❄❃ ✒❫ ❀
 













❂❈❆✯➉ ❉ ▼P❂❄❃ ❉ ❅❇❆ ✿◆❋
✱



















































❂❈❆ ❉ ❑ ▲ ❂❄❃ ❃ ❋❁❀ ▲ ❂❄❃ ▲ ❑ ➋ ❅P❂❄❃ ▼P❂✇➄✭❑❨❃
 






























































❂ ❖ ❂❄❅❇❆❯❪❱➉❁❑ ❖ ❑❨➍ ❋ ❂
✠
▼◆❫■❅❁❃ ❋ ❅ ❅❁❑❴➄■❂❄❫ ❋ ▼
✓
❑ ❉ ❅❁❑❨❃✯❫➂❆✯❑ ❉ ❅ ▼ ❉ ❅◆❅
 
❂✛✥
❪❱➉❁❫■➍ ❋ ❂ ❪ ❉●❖❣✿❚❉ ❃✯❫■❅➆❆❏❂ ❑❨❅➆❆❏❂ ❀ ❃❏❆❏❂ ▲❩▲ ❫■❑ ❀ ❂
❲
❅ ❋ ❫ ➋ ❂ ❬ ✿❁❀
 
❂❄❃❏❂❄❅➆❆❏❂ ❃ ❋P❀❾❋ ❅P❂ ▲ ❑ ➋ ❅P❂ ▼P❂❜➄✘❑❨❃
 
❂❈❂ ✿❁❀✯❉ ▼ ❋ ❑❨❆ ❋ ❅P❂ ❀ ❫■❑❨❂❯❂❄❅




❪❈❑ ✿ ❂ ❋ ❆
✱




❂❈❂ ✿ ❫ ❀✗❋ ❅ ✿❁❀✯❉ ✩ ▲ ▼P❂
❘






























































































❂❈❂❜▼P❂➃➄✘❑❴❂✛✥ ❉●❋❼✿❁❀✯❉■❍ ❫ ❍ ❑ ▲ ❑❴❆
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❉ ❅ ✿ ❂ ❋ ❆❜▼
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❑❩➍ ❋ ❂❄❃✙✥ ▲ ❂❄❃ ✿ ❫ ❀ ❫ ❖✈✒❂❈❆ ❀ ❂❄❃ ❫➂❆ ❉●❖ ❑❨➍ ❋ ❂❄❃ ❋ ❆✯❑ ▲ ❑❨❃
 








❉●❋P❀✞▲ ❂❄❃ ❀ ❫■❑❴❂❄❃ ❖❣❉●▲
 
❂❄❪ ❋❁▲ ❫■❑ ❀ ❂❄❃✭✥ ▲ ❂❄❃✑▼ ❉ ❅❁❅
 





























❋ ❅ ❫ ➐ ❋ ❃❏❆❏❂ ❖ ❂❄❅➆❆❾❃ ❉ ❅➆❆➃❫■❃✯❃ ❉ ❪❈❑
 






❋ ❅❁❂ ✿ ❫ ❀ ❆✑▼
✓






▼❁❑ ❀ ❂ ▲ ❑
 
❂❈❂❄❃✍❫ ❋✢❍❁❀❱❋ ❑❨❆✙❃ ❋P❀✞▲ ❫ ❖ ❂❄❃ ❋❁❀ ❂✔▼P❂✧❪❱➉❁❫■➍ ❋ ❂
✿ ❑
➌
❂ ▲ ❂❈❆✷❫ ❋ ❅ ❉●❖✬❍❁❀ ❂✥❆ ❉ ❆✯❫ ▲ ▼P❂ ✿ ❑
➌
❂ ▲ ❃✟❃ ❋❁❀ ▲ ❂✄❃ ✿ ❂❄❪❿❆ ❀ ❂✛✥➅❂❈❆ ▼
✓
❫ ❋ ❆ ❀ ❂ ✿ ❫ ❀ ❆ ▼
✓
❉■❀ ▼ ❀ ❂✄❃ ➈ ❃✯❆
 











➉ ➈✭✿❚❉ ❆✯➉ ✒❂❄❃❏❂❄❃ ➎ ❫■❑❴❆❏❂❄❃ ▲❴❉■❀ ❃✌▼P❂ ▲
✓
❫ ➐ ❋ ❃❏❆❏❂ ❖ ❂❄❅❇❆✭✔
✝











































❅ ❉■❀❭❖ ❫ ▲ ❑❨❃
 
❂❈❂❄❃ ✿ ❫ ❀✔▲ ❂❄❃✗❂ ❀❱❀ ❂ ❋P❀ ❃❭❬✆❂❄❅➆❆ ❀ ❂ ▲
✓
❫ ➐ ❋ ❃✯❆❏❂ ❖ ❂❄❅❇❆




❂  ✾❂ ▼ ❉ ❑❴❆ ✱

























❂ ➋ ❫ ▲✐✒❫ ▲ ❫ ❃ ❉●❖❾❖ ❂➃▼ ❋ ❅ ❉●❖✬❍❁❀ ❂➃▼P❂ ✿ ❑
➌
❂ ▲ ❃✞❂❈❆✧▼P❂ ✿ ❫ ❀ ❫ ❖❜✒❂❈❆ ❀ ❂❄❃ ▼❁❫■❅❁❃ ▲
✓
❫ ➐ ❋ ❃❏❆❏❂ ❖ ❂❄❅➆❆❭❬P✔
✖
❋ ❑❴➄ ❀ ❂
▲ ❫ ➄➅❫ ▲ ❂ ❋❁❀ ❖ ❑❨❅❁❑ ❖ ❫ ▲ ❂✢▼ ❋✂ ✞❂ ❂❄❅ ➎➏❉ ❅◆❪❿❆✯❑ ❉ ❅✦▼
✓
❋ ❅ ✿ ❫ ❀ ❫ ❖✈✒❂❈❆ ❀ ❂♦▼P❂ ▲
✓
❫ ➐ ❋ ❃✯❆❏❂ ❖ ❂❄❅❇❆ ✿ ❂ ❀❱❖ ❂❈❆ ▼❁❂❻➍ ❋ ❫■❅➆❆✯❑✪✩◆❂ ❀
▲
✓



















❫ ✖ ✄ ✥ ✌
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❖ ❂❄❃ ❋P❀ ❂✛✥ ❋ ❅P❂ ✿❁❀ ❂ ❖ ❑ ✒❂ ❀ ❂✬❃ ❉●❋❁❀ ❪❿❂✔▼
✓
❂ ❀❱❀ ❂ ❋P❀ ❃ ➈ ❃❏❆
 


















✥❁❪❿❂❄❃✆❂ ❀✯❀ ❂ ❋P❀ ❃ ✿ ❂ ❋ ➄■❂❄❅❇❆
✱



















































❂❄❪❈❑❨❃❱❑ ❉ ❅❻❃✯❑ ➋ ❅◆❑✪✩ ❪❈❫➂❆✯❑❴➄■❂✛✥ ▼ ❋ ❂➃❂❄❃❱❃❏❂❄❅❇❆✯❑❨❂ ▲❨▲ ❂ ❖ ❂❄❅➆❆ ✒❫ ▲
✓
❫ ❍ ❃✯❂❄❅❁❪❿❂ ▼P❂ ▲ ❫ ❖❣✿ ❂➃▼❁❂ ❪❈❫ ▲ ❑
✳




❂ ❀ ❑❴➄■❂❄❃☛❆✯➉P❂ ❀❱❖ ❑❨➍ ❋ ❂❄❃✭✔
✝






❂❄❃ ▲ ❂❄❃ ❋ ❅❁❃ ✿ ❫ ❀✗❀ ❫ ✿◆✿❊❉■❀ ❆
❫ ❋
➌






❂ ➋ ❫ ▲ ❂ ❖ ❂❄❅➆❆❯▼P❂❄❃✿✶
 














































❂❄❪❈❑❨❃✯❑ ❉ ❅♦❃ ❋P❀✔▲ ❫ ▼
 
❂❈❆❏❂ ❀❱❖ ❑❩❅❁❫➂❆✯❑ ❉ ❅ ▼P❂❄❃✔➄✭❑❴❆❏❂❄❃❱❃❏❂❄❃ ❫ ❍ ❃ ❉●▲❨❋ ❂❄❃✙✥✟➄ ❉ ❑ ❀ ❂❯▼P❂❄❃✧➄✭❑❨❆❏❂❄❃✯❃❏❂❄❃ ❀ ❂ ▲ ❫➂❆✯❑❴➄■❂❄❃ ▼
✓
❋ ❅❁❂
❀ ❫■❑❴❂ ✿ ❫ ❀❯❀ ❫ ✿❁✿❚❉■❀ ❆ ✒❫ ▲
✓
❫ ❋ ❆ ❀ ❂✛✔
✁
▲❩▲ ❂❄❃ ✿ ❂ ❋ ➄■❂❄❅➆❆
 
❂ ➋ ❫ ▲ ❂ ❖ ❂❄❅❇❆❜▼
 
❂ ➎ ❉■❀❱❖ ❂ ❀❜▲ ❂ ✿❁❀✯❉ ✩ ▲ ▼
✓
❋ ❅P❂ ❀ ❫■❑❴❂✢❃❱❑ ❋ ❅
 




▲ ❂❄❃✯❆✆❑ ❖❣✿❚❉■❀ ❆✯❫■❅➆❆✙▼P❂☛❅ ❉ ❆❏❂ ❀ ➍ ❋ ❂ ✿❚❉●❋P❀
❋ ❅ ❖
✱








❂❄❪❈❫ ▲ ❫ ➋ ❂❄❃ ❖ ❫■❑❨❃ ✿◆▲❨❋ ❃ ❀ ❫ ❀ ❂ ❖ ❂❄❅❇❆
▼P❂❄❃
 






❪❈❑✙▼❁❑✪♥ ✒❂ ❀ ❂❄❅➆❆ ✿ ❫ ❀ ❪ ❉ ❅➆❆ ❀ ❂ ❫■❃✯❃✯❂ ▲ ❃ ➈ ❃❏❆
 
❂ ❖ ❫➂❆✯❑❨➍ ❋ ❂ ❖ ❂❄❅➆❆➃❂❄❅➆❆ ❀ ❂ ▲ ❂❄❃
❂
➌
✿❊❉ ❃❱❑❴❆✯❑ ❉ ❅❁❃✸▼P❂☛▼❁❑❢♥
 
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Abstract. The detection and first identification of the deu-
terium Balmer emission lines, Dα and Dβ, in the core of the
Orion Nebula is reported. These lines are very narrow, have
identical 11 km s−1 velocity shifts with respect to Hα and Hβ,
are probably excited by UV continuum fluorescence from the
Lyman (D i) lines and arise from the interface between the H ii
region and the molecular cloud.
Key words: line: formation – line: identification – ISM: atoms,
ions – ISM: H ii regions – ISM: individual objects: M42 – cos-
mology: observations
1. Introduction
Deuterium is believed to be entirely produced in the Big Bang
and then steadily destroyed by astration (Epstein et al. 1976).
Standard models predict a decrease of its abundance by a factor
2–3 in 15 Gyrs (e.g., Tosi et al. 1998). This picture is essen-
tially constrained by deuterium abundance determinations at
∼ 15Gyrs (primordial intergalactic clouds), 4.5 Gyrs (protoso-
lar) and 0.0 Gyrs (interstellar medium). Although the evolution
of the deuterium abundance seems to be qualitatively under-
stood, the measurements show some dispersion. Thus, absorp-
tion in the Lyman series provides interstellar deuterium abun-
dance (D/H)
ISM
≃ 1.5×10−5 (Linsky 1998), but with fluctu-
ations that may well be real (Vidal-Madjar et al. 1998). These
dispersions led to the development of non-standard models in
which, for example, deuterium may either decrease by more
than a factor 4 in 15 Gyrs (e.g., Vangioni-Flam et al. 1994)
or be created/destroyed by new mechanisms [e.g., Lemoine et
al. (1999) for a review].
A detailed appraisal of the evolution of deuterium is cru-
cial for cosmology and galactic chemical evolution. The most
reliable estimate of (D/H)
ISM
to date is based on far-UV ob-
Send offprint requests to: Guillaume He´brard
⋆ Based on observations collected at the Canada-France-Hawaii
Telescope, Hawaii, USA.
servation from space (Copernicus, IMAPS, HST or FUSE) of
the Lyman lines of D and H in absorption. These lines are also
observed in the optical and near-UV to obtain D/H in high red-
shift quasar absorbers. Other D/H determinations include in situ
measurements in the Solar System (e.g., Mahaffy et al. 1998),
observations of molecules such as HD or DCN (e.g., Bertoldi
et al. 1999) and observations of D i 92 cm (e.g., Chengalur et
al. 1997).
New methods to determine D/H are of interest. One possi-
bility is ground-based observation of the deuterium lines. The
isotope shift of the deuterium Balmer lines with respect to the
hydrogen Balmer lines is −81.6 km s−1. These D i lines have
never been identified before. Attempts to detect Dα in absorp-
tion in the Sun (Beckers 1975) and early-type stars (e.g., Vidal-
Madjar et al. 1988) were unsuccessful (D is destroyed in stars).
Traub et al. (1974) observed Hα in the Orion Nebula using
three-etalon Fabry-Perot spectrometers and reported D/H upper
limits.
Here we report on spectra of Orion, secured at the Canada-
France-Hawaii Telescope (CFHT). Emission lines detected in
the blue wings of Hα and Hβ are identified with Dα and Dβ.
A preliminary account was presented by He´brard et al. (1999).
Observations are described in Sect. 2, the identification and the
origin of the lines in Sect. 3 and 4 and the excitation mechanism
in Sect. 5.
2. Observations, data reduction and results
Observations of the Orion Nebula (M 42, NGC 1976) were
conducted at the 3.6m CFHT, using the Echelle spectrograph
Gecko at the Coude´ focus with a slit length of ∼ 40′′. The
Hα and Hβ spectral ranges were observed in October 1997
and September 1999 respectively. For Hα, the entrance slit was
1.2mm wide (3.5′′ on the sky), providing a resolution R =
λ/∆λ ≃ 40 000 (∼ 7.5 km s−1); the detector was the 2048 ×
2048 “Loral 5” thin CCD and the spectral range was 6544A˚
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R ≃ 50 000 (∼ 6 km s−1); the detector was the 2048 × 4500
“EEV2” thin CCD and the spectral range was 4832A˚ - 4885A˚.
The slit was centred 2.5′ South of θ1 Ori C (HD 37022),
the brightest star of the Trapezium. The slit orientation was
slowly rotating during the exposures (Coude´ focus). Totals of
4.5 and 1.5 hours were devoted to Hα and Hβ respectively,
divided in 30 – 45 min sub-exposures. Small rotations of the
grating were applied between Hα sub-exposures in order to
disclose ghosts that may depend on grating setting. Hα was
also observed at higher resolution (R ≃ 80 000) in the same
area for 20 min. Finally, Hβ was observed 2.5′ North and 20′′
South of θ1 Ori C with shorter exposures and R ≃ 50 000.
Bias, flats and Thorium-Neon lamp calibration exposures were
secured regularly during the observations for each instrument
configuration.
The spectra were reduced usingMIDAS software. The steps
of the data reductionwere as follows: (1) bias subtraction; (2) flat
division; (3) bad pixel and cosmic cleaning; (4) summing the
rows to transform the 2D-spectra into 1D-spectra; (5) wave-
length calibration; (6) shift to the heliocentric frame; (7) align-
ment of the different sub-exposures; and (8) suming up of the
sub-exposures. After shifting to the heliocentric frame, both Hα
and Hβ were fitted by a Gaussian on each sub-exposure. The
standard deviation of theGaussian peakswas less than1km s−1.
Sub-exposures were shifted to the average peak before summa-
tion in order to preserve the spectral resolution. An interfer-
ing signal, instrumental in origin, appeared in the Hβ spectra,
producing small oscillations in the dispersion direction, which
slightly increased the noise level. Wavelengths are determined
to better than 1.5 km s−1 and 1.0 km s−1 in the Hα and Hβ final
spectra respectively.
Two weak emission lines are obvious in the blue wings of
Hα and Hβ (Fig 1). Anticipating the conclusion of Sect. 3,
the weak lines are already identified with Dα and Dβ in Ta-
ble 1, where results of Gaussian fits to Hα, Hβ, Dα and Dβ are
given. The full widths at half maximum (FWHM) of the deu-
terium lines are much smaller than those of the hydrogen lines.
Relative fluxes (last row of Table 1) are based on the theoreti-
cal Hα/Hβ ratio, thus implicitly correcting for reddening. For
an H+-weighted electron temperature (0.85±0.10)×104K and
electron density ∼ 5×103 cm−3 (e.g., Esteban et al. 1998), the
Case B recombination ratio I(Hα)/I(Hβ) is 2.91±0.03 (Storey
& Hummer 1995). Departure of this ratio from Case B is ex-
pected to be much less than 1% in this thick nebula for any
reasonable dust content (Hummer & Storey 1992).
Dα and Dβ are seen all along the 40′′ slit. Dβ is present at
all three positions. The velocity shifts between Dβ and Hβ at
2.5′ N, 20′′ S and 2.5′ S of θ1 Ori C are respectively 11.8, 9.1
and 10.0 km s−1 and the Dβ fluxes 4.2 ± 1.1, 2.3 ± 0.6 and
5.7± 1.1 (Hβ= 10 000).
3. Identification of Dα and Dβ
According to Table 1, the shift of both weak lines with respect to
the hydrogen lines is −71 km s−1 whereas the isotopic shift of
Fig. 1. Vicinity of Hα and Hβ in Orion, showing Dα and Dβ in emis-
sion. The x-axis is in km s−1 relative to the rest wavelength of either
Hα or Hβ. The vertical scale corresponds to peak fluxes 7250 and
2500 for Hα and Hβ respectively. Then I(Hα)/I(Hβ) = 2.91 and
I(Dα)/I(Dβ) ≃ 1.10.
deuterium is −81.6 km s−1. This significant difference forces
us to consider alternative possibilities.
• Spectral artifact? No feature equivalent to these lines is
present in either the red wings of Hα and Hβ or the wings of
[N ii] λ6548.05A˚, observed simultaneously. Small rotations of
the grating applied between sub-exposures resulted in no change
in profile, position and intensity of the lines. Finally no such
lines were detected in bright planetary nebulae we observed in
September 1999 (He´brard et al. 2000), using the same instru-
ment. This also excludes possible sky-line emission. In fact, no
sky-lines have been reported at these wavelengths. Thus, these
lines are real features, specific to the Orion Nebula.
• Unidentified process or element? Attempts to find other
identifications were unsuccessful. These lines cannot be scat-
tered stellar emission [for example, Hα from θ1 Ori C is variable
(Stahl et al. 1996)], as lines from hot stars are broad. For the
same reason, they cannot be Raman features. The wavelengths
do not correspond to any known quasi-molecular line. The fact
both lines have identical velocity shifts with respect to H i prac-
tically restricts the possibilities to H i and D i emission (no He ii
is detected in the Orion Nebula).
• High-velocity hydrogen emitting structure? Traub et
al. (1974) reported the detection of a line in the bluewing of Hα.
This line may correspond to ours, although it was interpreted
by these authors as high-velocity H i emission, noting the ex-
istence of a similar component in [O iii] (Dopita et al. 1973).
Indeed, our R = 80 000 spectrum shows a blue component in
[N ii] but with velocity shift only ∼ −22 km s−1. More impor-
tantly, any component arising from theH ii region should have a
minimum width corresponding to thermal broadening. The ther-
mal FWHM for hydrogen at 8500K is 20 km s−1, much larger
than 8 km s−1 (Table 1). The −22 km s−1 ionized hydrogen
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Table 1. Gaussian fitted line profiles
Line identification Hα Dα Hβ Dβ
Rest wavelength (A˚) 6562.796 6561.010 4861.325 4860.003
Observed wavelength (A˚) 6563.12 ± 0.03 6561.59 ± 0.03 4861.60 ± 0.02 4860.44 ± 0.02
v⊙ (km s
−1)a 14.8 ± 1.5 26.5 ± 1.5 17.0 ± 1.0 27.0 ± 1.5
FWHM (km s−1)b 32.0 ± 0.5 8.6 ± 1.0 32.1 ± 0.5 8.1 ± 1.5
Relative fluxc 29 100 ± 300 6.3 ± 0.6 10 000 ± 200 5.7 ± 1.1
a Heliocentric velocity.
b Full width at half maximum corrected for instrumental width (original FWHM: 32.9, 11.4, 32.7, 10.1 km s−1 respectively).
c Using the theoretical I(Hα)/I(Hβ) (see text), then I(Dα)/I(Dβ) = 1.10 ± 0.22.
Nonetheless, the fluorescence mechanism proposed below
to explain the D i line excitation (Sect. 5) may a priori apply
to H i as well. One cannot formally exclude H i fluorescence
emission from a neutral, cold (thermal FWHM is ∼ 7 km s−1
at 103 K), high-velocity (−74 km s−1 LSR), low velocity dis-
persion (<< 10 km s−1) layer keeping the same kinematical
properties over many arc minutes. However this is very un-
likely as this hypothetical structure should in addition have a
small column density (no other fluorescent line is seen at that
velocity) and lie sufficiently close to the Trapezium stars (flu-
orescence varies as the inverse square of the distance to the
continuum source). The survival of a neutral thin shell against
photoionization (no low-ionization material is interposed; see
Sect. 4) is also in question. As a matter of fact, Cowie et al.
(1979) detected several components of high-velocity gas in ab-
sorption against ι Ori (a star located within half a degree of
the region we observed), notably a component at −68 km s−1,
close to −74 km s−1. According to these authors, this compo-
nent corresponds to a very old highly ionized supernova remnant
situated over 100 pc from theTrapezium, at any rate too far away
to yield fluorescence.
It can therefore be safely concluded that these lines are Dα
and Dβ. Kinematics (Sect. 4) brings out one more fundamental
piece of evidence.
4. Origin of the lines
In the Orion Nebula, the H ii region is essentially matter
bounded toward the observer and radiation bounded in the op-
posite direction (e.g., Rubin et al. 1991). The narrowness of the
D i lines implies that they must originate in a cold, localised
region along the line of sight, that is behind the H+ region, in
the “Photon Dominated Region” (PDR) where deuterium is in
atomic form.
This is borne out by available information on velocities. The
heliocentric velocity of theD i lines is∼ 27km s−1 compared to
∼ 16 km s−1 for H i. In a blue spectrumof the Trapezium region
(Kaler et al. 1965), the Si ii lines 3856+63A˚, probably produced
by fluorescence in the PDR, appear shifted by +11 km s−1 rel-
ative to the neighbouring H i Balmer lines, a shift similar to the
one found for Dα and Dβ. Over a region close to the one we
observed, Esteban&Peimbert (1999)measured heliocentric ve-
locities 6.4±1.4, 14.0±2.0, 24.6±2.2 and 26.8±1.4 km s−1 for
Ar++, H+, O0 and N0 respectively, tracing the free expansion
of the H ii region, moving away from the molecular cloud. Over
the same region, Ha¨nel (1987) found 20-23 km s−1 for [N ii] [in
agreement with our measurement v([N ii]) ≃ 21 km s−1] and
23.5–28 km s−1 for [S ii], thus encompassing the velocity we
found forDα andDβ. Frommillimeter and submillimeter obser-
vations, Hogerheijde et al. (1995) found velocities∼ 28 km s−1
for different molecules. Observations thus clearly imply that the
D i lines could arise from the boundary of the H ii region.
5. Fluorescent excitation of Dα and Dβ
The narrowness of Dα and Dβ allows the possibility to be ex-
cluded that the lines are excited by recombination in an ionized
gas (Sect. 3). TheH0 column density of the PDR is∼ 1022cm−2
(Tielens & Hollenbach 1985), so the D0 column density is
∼ 1017cm−2 [assuming a typical (D/H)
ISM
≃ 10−5] and the
optical thickness in, e.g., LyβD is over 100. Since the D i emis-
sion is confined to a layer coincident in velocity with that of the
PDR (Sect. 4) and since the dust opacity there is orders of mag-
nitude less than the LyβD opacity, fluorescence from the Lyman
lines is a viable process to produce the deuterium Balmer lines.
The UV continuum is dominated by θ1 Ori C, whose effec-
tive temperature is close to 4 × 104K (Rubin et al. 1991). Let
us assume that both the ionization of the H ii region and the
deuterium fluorescence are due to a 4 × 104K black body and
that half the ionizing photons escape from the H ii region in the
matter bounded directions (Rubin et al. 1991). If each photon
impinging on the PDR at the LyβD wavelengths ultimately pro-
duces a Dα photon by scattering on D0, and only LyβD photons
lead to Dα excitation (neglecting cascades), then the flux ratio
I(Dα)/I(Hα) is about 1.5× 10−4× (∆v/5km s−1), where∆v
is the full velocity width of the zone where Dα is effectively
excited. According to Tielens and Hollenbach (1985), the tur-
bulent pressure in the PDR corresponds to∆v ≃ 5 km s−1 and
according to Table 1, ∆v is probably less than 8 km s−1. The
rather good agreement of this very coarse estimate with the ob-
served value 2.2 × 10−4 (Table 1) is fortuitous. This estimate
may be wrong in different ways. Many LyD lines can a priori
absorb primary photons and feed Dα by cascades, then leading
to an overestimation. Conversely, part of the LyD photons are
absorbed by dust and/or reflected back to the H ii region. Also,
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may not intercept identical fractions of the H ii region and the
PDR. Most importantly, the stellar continuum may be depleted
in the vicinity of the LyH lines, particularly for the first mem-
bers of the series. Nonetheless, since these different effects tend
to partially compensate one another, the above agreement indi-
cates that the assumption of UV continuum fluorescence leads
to the correct order of magnitude for the Dα flux.
Unlike Dα/Hα, the flux ratio Dα/Dβ is little sensitive to
aspect effects. Assuming a ratio of visual extinction to column
density of hydrogen nuclei AV /NH = 5×10
−22 mag cm2 and
AFUV /AV = 5 (Tielens and Hollenbach 1985), the ratio of
LyβD opacity to dust opacity is ∼ 240. Only for large principal
quantum numbers should dust absorption decrease D i fluores-
cence (the photoexcitation cross section goes roughly as n−3).
Since the stellar continuum should be about flat over the Lyman
line range (except possibly in the vicinity of strong lines), some
insight into the excitation process can be gained by assuming
that all LyD(n) lines, with principal quantum number n up to
some given n0, convert identical numbers of UV photons by
fluorescence and that no fluorescence occurs for n > n0. Then,
working out the cascades, the theoretical Dα/Dβ flux ratio is
about 1.28, 1.41 and 1.51 for n0 = 4, 5 and 6 respectively and
tends to level off for larger n0’s. Only for n0 = 4 is this sim-
ple description compatible with the observed value 1.10± 0.22
(Table 1). Since one would expect that a relatively large number
of LyD lines should contribute to the excitation, the sugges-
tion is that one of the above assumptions was oversimplified or
some significant process has been overlooked. For example, the
stellar continuum is probably depleted in the wings of the LyH
lines and the vicinity of LyβH is likely to be most affected, then
selectively reducing the Dα emission. Observing higher deu-
terium Balmer lines is essential before attempting any detailed
modeling.
Note that the Dα/Dβ of Table 1 was obtained assuming
that the reddening correction was the same for the H i and D i
emitting zones. If extinction internal to the nebula is significant,
then the actual (de-reddened) Dα/Dβ ratio will be even smaller
since the PDR, where the D i lines come from, is more deeply
embedded than the H ii region.
Dust absorption will dominate LyD fluorescence for
sufficiently large n, the deuterium Balmer decrement then
changing from very flat to very steep. This break can lead to a
D/H value inasmuch as the dust opacity per hydrogen nucleus
is known. On the other hand, fluorescence lines from species
co-extensive with D0 including O i and Si ii can provide inde-
pendent information on the primary continuum flux and on the
competition of line scattering with dust absorption for photons.
O i fluorescence lines have been detected long ago in Orion and
the excitation process was established by Grandi (1975). O i
lines may lead to a D/O abundance ratio. Detailed observations
and propermodeling ofmany deuteriumBalmer lines and Com-
paring D i and other fluorescence lines appear as a potentially
accurate means to determine D/H in H ii regions.
6. Conclusions
Deuterium is identified for the first time in a nebula from optical
spectroscopy. The excitation mechanism of the observed lines,
Dα and Dβ, is continuum fluorescence from LyD lines in the
PDR. Considering the saturation of the first LyD lines and the
possible influence of the neighbouring LyH lines, observing the
full deuterium Balmer series is essential to obtain a D/H value
from optical data and appears feasible, at least in Orion.
An optical determination of D/H in H ii regions would al-
low to check existing (D/H)
ISM
values and obtain D/H in
low-metallicity extragalactic H ii regions, where the deuterium
abundance should be close to its primordial value.
The large photoexcitation cross section of the first Lyman
lines makes deuterium Balmer fluorescence a sensitive way to
detect deuterium in nebulae, leading for example to stringent
upper limits to D/H in planetary nebulae (He´brard et al. 2000),
where deuterium is depleted.
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Abstract. The search for deuterium Balmer lines with VLT-
UVES is reported in H II regions of the Galaxy and the Mag-
ellanic Clouds. The D I lines appear as faint, narrow emission
features in the blue wings of the H I Balmer lines and can be
distinguished from high-velocity H I emission. The previous
identification to deuterium is re-inforced beyond doubt.
The detection of D ✞ and D ✟ in Orion (H´ebrard et al. 2000)
is confirmed and deuterium lines are now detected up to at
least D ✠ . The UVES observations provide the first detection
of Balmer D I lines in four new H II regions (M 8, M 16, M 20,
and DEM S 103 in SMC), demonstrating that these lines are of
common occurence.
Key words: Line: identification – H II regions – ISM: individ-
ual objects: M 42 – ISM: individual objects: M 8 – ISM: indi-
vidual objects: M 16 – ISM: individual objects: M 20 – ISM:
individual objects: M 17 – ISM: individual objects: DEM S 103
– ISM: atoms –
1. Introduction
Deuterium is an element of primordial origin. Measuring its
abundance in different astrophysical sites brings valuable con-
straints on the Big-Bang nucleosynthesis and the Galactic evo-
lution (e.g. Lemoine et al. 1999).
The detection and identification of the deuterium Balmer
lines D ✞ and D ✟ in emission in the Orion Nebula was first re-
ported by H´ebrard et al. (2000, hereafter Paper I). The narrow-
ness of these lines, their strength with respect to the hydrogen
lines and finally their relative fluxes were incompatible with
recombination excitation, but could be understood in terms of
Send offprint requests to: Guillaume He´brard
✡
Based on observations collected at the European Southern Obser-
vatory, Paranal, Chile [ESO VLT-UT2 N ☛ 65.I-0498(A)].
fluorescence excitation by stellar UV continuum in the Photon
Dominated Region (PDR), located behind the ionized region.
Here, observations of the whole Balmer series with the new
spectrograph UVES, installed at the Nasmyth focus of VLT-
UT2, are presented for Orion and other H II regions. Observa-
tions are described in Sect. 2. Results for each H II region are
presented in Sect. 3. New evidence in support to the identifi-
cation of deuterium is discussed in Sect. 4. A more complete
analysis will follow in forthcoming papers.
2. Observations
Observations were secured during the night 2000 July 25th-
26th, using the UV-Visual Echelle Spectrograph (UVES) lo-
cated at the Nasmyth focus of Kueyen, the second VLT Unit
Telescope (D’Odorico & Kaper 2000). Spectra from both the
red and blue arms were registered simultaneously on two de-
tectors, using the standard setting DIC1 (390+564). The ap-
proximate spectral ranges were 3290A˚ - 4530A˚ (blue arm), and
4610A˚ - 5620 A˚ and 5660A˚ - 6660A˚ (red arm), encompassing
the whole Balmer series.
The slits were 8 ☞ ☞ and 11 ☞ ☞ long for the blue and red arms
respectively. The slit width was 1
☞ ☞
on the sky. According to
the staff of the VLT, the spectral resolution was ✌✎✍✑✏✓✒✕✔✖✏✘✗
✙✛✚✜✚✢✚✢✚ (Full Width at Half Maximum, FWHM), equivalent to
✣✥✤✧✦✩★✫✪✭✬
✁
. The present conclusions do not depend on the ex-
act value of ✌ , which will be determined after reducing the
calibration exposures. A total exposure time of one hour was
devoted to each H II region (except for Orion, Sect. 3.1), the
observations being divided in short sub-exposures to prevent
detector saturation at the H I Balmer lines.
Data reduction (bias subtraction, flat-fielding, wavelength
calibration) was performed with the UVES pipeline, using the
available calibration database. 1D spectra were box-extracted
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Table 1. Preliminary line flux ratios in M 42
line D I/H I line D I/H I line D I/H I
  ✁✄✂✆☎✞✝✠✟☛✡ ☞ ✌✍✂✎☎✞✝✠✟☛✡ ✏ ☎✞✝✍✂✆☎✞✝✠✟☛✡
✑ ✒
✂✆☎✞✝ ✟☛✡
✓ ✔ ✂✎☎✞✝ ✟☛✡
algorithm, inappropriate for extended objects, was omitted.
This extraction was judged robust enough for this preliminary
study. Subsequent data reduction will be performed over the
whole slit length, using the calibration exposures obtained dur-
ing the observing run.
Cosmics and bad pixels were cleaned where necessary.
Sub-exposures were averaged (no shift was observed from one
sub-exposure to the next) and the lines were shifted to the same
radial velocity. For a given object, the peak fluxes of the differ-
ent lines were assigned the same value in order to display the
relative variations of the weak lines (fi gures of Sect. 3). Shifts
and normalizations were all based on Gaussian fi ts to the emis-
sion lines.
3. Results
Line detections reported here in the blue wings of the H I lines
are at least at the 5- ✕ confi dence level. Most of them are con-
fi rmed by the detection of lines at the same velocity for several
principal quantum numbers ✖ .
3.1. Orion Nebula (M 42)
The area observed in Orion was the same as the one ob-
served previously (Paper I). The slit, oriented North-South,
was located 2.5 ✗ South of ✘✚✙ Ori C (HD 37022) at coordinates
✛✢✜ 05:35:16.7, ✣ ✜✥✤ 05:25:29 (J2000). The exposure time
was 30 min in the red arm and 50 min in the blue arm.
Plots of the H I Balmer line wings are shown in Fig. 1. Deu-
terium lines are detected from D ✛ to D ✦ . They are redshifted
✧✩★✫✪✠✬✚✭✯✮✱✰
✙ with respect to H I (the isotopic shift between D I
and H I at rest is ✤✳✲ ★✵✴ ✶✠✬✚✭✷✮✫✰ ✙ ), in good agreement with the
previous measurements (Paper I). D I lines seem to be detected
up to D16, but elaborate treatment is required due to low signal-
to-noise ratio.
FWHM are from Gaussian fi ts, after quadratic subtraction
of the instrumental point-spread function. The FWHM of the
D I lines is ✧✸★✵★✫✬✚✭✯✮✱✰ ✙ , much less than that of the H I recombi-
nation lines ( ✧✺✹✵✪✠✬✚✭✯✮✱✰ ✙ ). Widths similar to these were found
for the lines detected in M 8, M 16, M 20 and DEM S 103 (see
below). From Fig. 1, it is apparent that D I increases relative
to H I for increasing ✖ , at least up to D ✻ . Approximate relative
fluxes are given in Table 1. Despite lower signal-to-noise ratio,
a similar trend exists in the data for M 8 and M 16.
In Fig. 2, are shown on the same scale the wings of [N II]
✼
6583A˚, [O II] ✼ 3729A˚, [O III] ✼ 5007A˚ and H ✛ . No counter-
parts to D I can be seen for lines other than H ✛ , thus excluding
any interpretation in terms of emission from high-velocity ion-
ized gas (see Sect. 3.6). Similarly, counterparts are lacking in
M 8, M 16, M 20 and DEM S 103.
Fig. 1. Wings of H   to H ✽ (noted H3 to H9) in the Orion Nebula. All
H I lines are centred at 0 ✾✠✿❁❀ ✟❃❂ velocity (right dotted line) and are
normalized to identical peak intensities ( ✁❅❄ ☎❆✂❇☎✞✝ ✡ on ❈ -scale). The
dotted line to the left corresponds to the wavelengths adopted for the
D I lines (Table 2). H ❉ is blended with He I.
Fig. 2. Same as Fig. 1 for wings of [N II], [O II], [O III] and H   in
Orion (peak intensities 2.1 ✂ 10 ✡ ). Compare to Fig. 7.
3.2. Lagoon Nebula (M 8)
In M 8, the slit was oriented North-South and located 17 ✗ ✗ East
and 18 ✗ ✗ North of Herschel 36 (HD 164740), at ✛❊✜ 18:03:40.8,
✣
✜❋✤ 24:22:25. This position corresponds to position L11 in
Bohuski (1973). Deuterium is detected from D ✛ to D ● (Fig. 3).
Again the flux ratios range from ❍❏■▲❑ ✛◆▼ / ❍❏■▲❖ ✛P▼❘◗✢❙❯❚ ★❱✪ ✰❃❲
to ❍❏■▲❑✍● ▼ / ❍❯■❳❖✍● ▼❨◗ ★ ❚ ★❱✪☛✰❬❩ .
M 8 was observed at a second slit position: 43 ✗ ✗ South from
Herschel 36 [position L7 in Bohuski (1973), not shown here].
The coordinates were ✛❭✜ 18:03:40.3, ✣ ✜❪✤ 24:23:27 and
the slit was oriented East-West. Only D ✛ was detected, with
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Fig. 3. Same as Fig. 1 for wings of H   to H ✁ in M 8, but with peak
intensities 2.0 ✂ 10 ✄ .
3.3. Eagle Nebula (M 16)
In M 16, the slit was oriented North-South and located at
☎✝✆ 18:18:51.7, ✞ ✆✠✟ 13:49:07. It corresponds to one of
the brightest regions of the PDR in this nebula (Levenson et
al. 2000). Deuterium is detected from D ☎ to D ✡ (Fig. 4).
The flux ratios range from ☛✌☞✎✍ ☎✑✏ / ☛✌☞✎✒ ☎✑✏✔✓✖✕✘✗✚✙✜✛✣✢✥✤ to
☛✌☞✎✍✦✡
✏ / ☛✧☞★✒✦✡ ✏✩✓✪✙✣✗✘✙✜✛✫✢✭✬ .
Fig. 4. Same as Fig. 1 for wings of H   to H ✮ in M 16, but with peak
intensities ✯✜✰ ✯✦✂✱✯✳✲✜✄ .
3.4. Trifid Nebula (M 20)
In M 20, the slit was oriented North-South and located 51 ✴ ✴
East and 23 ✴ ✴ South from HD 164492, at ☎✵✆ 18:02:27.3,
✞
✆✶✟ 23:02:14. This position corresponds to position T12 in
Bohuski (1973). Only D ☎ was detected (Fig. 5).
Fig. 5. Same as Fig. 1 for wings of H   in M 20 (bottom, peak intensity
4000) and DEM S 103 in SMC (up, peak intensity 3500).
3.5. DEM S 103 in the Small Magellanic Cloud
The last deuterium Balmer line detection was performed out-
side the Galaxy, in the brightest H II region of the SMC, namely
DEM S 103 [Henize 66, Caplan et al. (1996)]. The coordi-
nates of the slit, oriented North-South, were ☎✷✆ 00:58:51.6,
✞
✆✪✟ 72:10:09. Again, only D ☎ was detected (Fig. 5).
3.6. Omega Nebula (M 17): high-velocity structure emission
In M 17, the slit was oriented North-South and located at
☎✘✆ 18:20:48.0, ✞ ✆✪✟ 16:10:31. Here the emission features de-
tected in the blue wings of the H I lines, from H ☎ to H ✸ (Fig. 6),
differ from those shown in previous targets:
– they are broad (FWHM ✓ 20 ✹✻✺✽✼ ✢✿✾ , instead of
❀ 10 ✹❁✺❂✼ ✢✿✾ , whilst the main H I component has the usual
FWHM ✓ 30 ✹✻✺✽✼ ✢✿✾ );
– they are proportional to the H I lines (intensity ❀❄❃ ✗❅✙✜✛❆✢✭✬
relative to nearby H I for every ❇ );
– [N II], [O II] and [O III] present clear counterparts at the
same velocity (Fig. 7).
It is concluded that, in this case, the features should be
mainly due to H I emission from ionized material with veloc-
ity ❀ ✟❉❈❊✛ ✹✻✺❂✼ ✢✿✾ relative to the main body of the nebula. The
width of these features is compatible with recombination exci-
tation in a hot H ❋ gas. In fact, Meaburn & Walsh (1981) de-
tected velocity components shifted by ❀ ✟❉❈❊✛ ✹✻✺❂✼ ✢✿✾ from the
main H ☎ component, ❀ ✕ ✴ South of the UVES position. Clay-
ton et al. (1985) showed that the high-velocity material was
probably associated with a breakout (collimated outflow) of a
radially expanding shell. A D ☎ line with the same relative flux
as in Orion would be one order of magnitude weaker than the
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Fig. 6. Same as Fig. 1 for wings of H   to H ✁ in M 17 (peak intensities
✂☎✄ ✆✞✝✟✆✡✠☞☛ ). Here the blue-shifted features are not identifi ed with D I
but with H I emission from a high-velocity ionized structure.
Fig. 7. Same as Fig. 1 for wings of [N II], [O II], [O III] and H   in
M 17 (peak intensities ✂✌✄ ✆✍✝✎✆✡✠☞☛ ). Here, the blue-shifted features have
counterparts in ions. Compare to Fig. 2.
4. Confirming the identification of deuterium
In addition to the objects presented in Sect. 3, two more H II re-
gions were observed: 30 Doradus (in the LMC) and Sh2-100. In
the former, the velocity fi eld appears complex and more work
is needed. In the latter, no obvious D I lines are seen, suggesting
that no PDR is present along the line of sight. So far, D I lines
have therefore been detected in at least fi ve out of the eight H II
regions observed. Kinematic properties appear in Table 2.
The new observations bring confi rmatory evidence in
favour of the identifi cation of the deuterium Balmer lines. They
complement and add to the results presented in Paper I. The
lines are seen with similar characteristics in the fi ve H II re-
gions, using different telescopes (CFHT and VLT) and differ-
ent spectrographs (GECKO and UVES). Instrumental artifacts
(such as grating ghosts or in-order scattered light) can be defi -
nitely ruled out.
Table 2. Kinematic properties of the D I lines ✏
Object Shift ✑ Width ✒ Object Shift
✑
Width ✒
M 42 10 11 M 20 -1: 13:
M 8 8 9 S 103 2: 10:
M 16 5 9 M 17 - -
✏ Colons indicate low-accuracy values (from H   and D   only).
✑
Average shift of D I with respect to H I ( ✓✕✔✟✖✡✗
✘
).
✒ Average FWHM of the D I lines ( ✓✕✔✟✖✡✗
✘
).
Since the lines are seen for many members of the Balmer
series, they can only be D I or blue-shifted H I emission. H I
emission may arise from H
✙
gas (recombination) or H ✚ gas
(fluorescence). High-velocity ionized structures will produce
H I recombination lines with properties like those already listed
in the case of M 17 (width, flux, counterparts), not observed in
the other H II regions described in Sect. 3. A high-velocity neu-
tral structure cannot be formally excluded for any one isolated
object, but the probability that such a structure could exist and
yet be detectable only in H I is low. No evidence for the exis-
tence of such a structure could be found in the case of Orion
(Paper I). Considering the present data, it would be extraor-
dinary if such a neutral component could be present in such a
systematic manner in fi ve different H II regions, always at about
the same velocity.
Understandably, the D I lines are narrow since they arise
from a cold material with small thermal velocity. Nonetheless,
considering the prevalence of large velocity fi elds in H II re-
gions, it was not a priori obvious that these lines would appear
so systematically narrow (Table 2). The explanation partly lies
in the fact that the entrance aperture of UVES is relatively small
and that observable H II regions tend to be incomplete on one
side, with the associated molecular cloud and PDR located be-
hind the expanding H
✙
region. This is consistent with the ten-
dency shown by the D I lines to be redshifted with respect to
the H I lines (Table 2). Thus, in practice, a small line width (at
the expected wavelength!) turns out to be an important criterion
to identify D I. On the other hand, H II regions may exist with
PDR’s encompassing a large velocity range. A fundamental cri-
terion for D I identifi cation remains the lack of counterparts in
lines from ionized species. Large variations of the line intensity
ratio D I/H I with ✛ constitute another useful criterion (Table 1),
since fluorescence will generally not result in the same decre-
ment as the one corresponding to recombination.
As a result of the present high spectral resolution and high
signal-to-noise observations, the identifi cation of deuterium
Balmer lines is now very safe.
5. Conclusion
Detection of deuterium Balmer emission in fi ve H II regions is
reported. These are fi rst detections in four targets, including an
extragalactic one. Detection was made feasible thanks to the
large collecting area of the 8.2m VLT mirror and the high ef-
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excitation mechanism of D I, recombination being excluded.
Spectroscopic criteria leading to virtually certain identifi cation
of D I in any given H II region are now clearly established.
Possible ways to determine D/H from D I Balmer lines were
discussed in Paper I. One method requires a knowledge of the  
for which the line ratio D I/H I starts decreasing. The detection
of D I up to D9, and possibly D16, in Orion suggests this as a
promising way of investigation. Comparison of D I to O I fluo-
rescence lines, present in the UVES spectra and also produced
in the PDR, may be another way to explore.
Acknowledgements. We thank the staff of the VLT for excellent assis-
tance.
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Abstract. Following the discovery of deuterium Balmer lines
in emission in H II regions (H´ebrard et al. 2000a, 2000b), the
non-detection of these lines in planetary nebulae (PNe) is evi-
dence that this isotope was, as expected, destroyed in the parent
stars.
In the case of NGC 6572, the abundance ratio D/H is less
than ✞✠✟ ✡☞☛✌✞✎✍✑✏✓✒ . This upper limit, the fi rst one reported for a
PN, is more stringent than those currently available from ob-
servation of the Sun and stars.
Key words: Line: formation – Planetary nebulae: general –
Planetary nebulae: individual: NGC 6572 – Cosmology: ob-
servations – ISM: atoms
1. Introduction
Deuterium is burnt into
✄
He at temperatures as low as ✔✕✞✎✍✗✖ K
and should be destroyed in stars during their convective con-
traction phase before they reach the main sequence (e.g., Ep-
stein et al. 1976). Deuterium is thus believed to be produced
during the Big Bang and then to steadily decline by astration.
Standard models predict a decrease of deuterium abundance by
a factor 2–3 in 15 Gyrs (e.g., Tosi et al. 1998). The primor-
dial abundance of this isotope is the most sensitive probe of the
baryonic density of the Universe (e.g., Reeves et al. 1973).
Although the evolution of deuterium seems to be qualita-
tively understood [e.g., Lemoine et al. (1999) for a review],
UV observations of absorption lines in the Lyman series pro-
vide ✘✚✙✜✛✣✢✥✤✧✦✩★✫✪✭✬✮✞✠✟ ✡✭☛✯✞✰✍✑✏✓✱ (e.g., Linsky 1998), but with
fluctuations that could be real (e.g., Vidal-Madjar et al. 1998).
Any deuterium abundance measurement can bring important
Send offprint requests to: Guillaume H´ebrard
✲
Based on observations collected at the Canada-France-Hawaii
Telescope, Hawaii, USA.
Correspondence to: hebrard@iap.fr
constraints on Big Bang nucleosynthesis and chemical evolu-
tion of galaxies. New methods to determine D/H are of interest.
One aspect is checking that deuterium is well destroyed in
stars. The Balmer lines of deuterium have been searched for
in stars but never detected. Beckers (1975) reported H ✳ ob-
servations of the Sun, resulting in an upper limit ✘✚✙✜✛✴✢✵✤✷✶✹✸
✺
✟ ✡✻☛✜✞✎✍✑✏✓✒ . Other attempts with Canopus (Peimbert et al. 1981;
Ferlet et al. 1983) and ✳ Pav (Vidal-Madjar et al. 1988) led to
D/H ✸✼✡✽☛✯✞✰✍✑✏✓✒ . However, no D/H value has yet been re-
ported for planetary nebulae (PNe). An upper limit for D/H
in a PN could supplement information from star atmospheres,
whereas a positive detection could reveal the presence in the PN
of unprocessed interstellar material or an unknown deuterium
source.
H´ebrard et al. (2000a) discovered the deuterium Balmer
lines D ✳ and D ✾ in emission in the Orion Nebula and showed
that these lines were probably excited by UV continuum fluo-
rescence from the Ly(D I) lines at the neutral interface between
the H II region and the molecular cloud, the so-called “Photon
Dominated Region” (PDR). H´ebrard et al. (2000b) found that
the deuterium Balmer lines were of common occurence in H II
regions and were most often very narrow.
Photoexcitation cross sections of Lyman lines are so large
as to make fluorescent lines a sensitive way to detect deuterium.
The method is based on the same premises as the UV observa-
tion of Lyman lines in absorption, but takes advantage of the
high signal to noise achievable in the optical and the in situ
character of the diagnostic.
Detection of D ✳ and D ✾ was attempted in several PNe
with substancial PDR. Observations and data reduction are de-
scribed in Sect. 2; theoretical line fluxes are evaluated in Sect. 3
and applied to the case of NGC 6572 in Sect. 4. A preliminary
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2. Observations and data reduction
PNe were observed in September 1999 at the Coud´e focus of
the 3.6m Canada-France-Hawaii Telescope, using the echelle
spectrograph Gecko and the  ✂✁☎✄✝✆✟✞✠✄✝✡✂✁☛✁ thin detector “EEV2”.
The 6526A˚ - 6592A˚ range (H ☞ ) was observed with an
entrance slit 1.2mm wide, corresponding to 3.5 ✌ ✌ on the sky
and a resolution ✍✏✎✒✑✔✓✂✕✖✑✘✗✒✄☛✙☛✁☛✁✂✁ or ✚✏✛✢✜✤✣✦✥ ✧✩★✫✪ (full
width at half maximum, FWHM, measured on lines of thorium-
neon comparison spectra). For the 4832A˚ - 4885A˚ range (H ✬ ),
the slit was 0.8mm wide (2.3 ✌ ✌ on the sky, ✍✭✗✮✡✂✁☛✁✂✁☛✁ or
✚✰✯☎✜✤✣✦✥ ✧✱★✫✪ ).
All spectra were reduced using MIDAS software. The steps
of the data reduction were as follows: (1) bias subtraction;
(2) flat division; (3) bad pixel and cosmics cleaning; (4) sum-
ming of the rows to transform the 2D-spectra into 1D-spectra;
(5) wavelength calibration; (6) shift to the heliocentric frame;
(7) alignement of the different sub-exposures where needed;
and (8) summing of the sub-exposures. Wavelength accuracy is
1.5 and 1.0 ✜✤✣✦✥ ✧✲★✫✪ in the H ☞ and H ✬ fi nal spectra respectively.
In no target were the deuterium lines detected. The PN
NGC 6572 appears as the best candidate to obtain a useful up-
per limit on D I fluxes: the blue wing of H ☞ is relatively clean,
showing only weak features identifi ed with He II( ✄✴✳✶✵ ), shifted
✳✶✷✢ ✂✙✸✜✝✣✦✥ ✧
★✫✪ from the Balmer lines, and no signifi cant high-
velocity hydrogen emission (H ☞ is shown in Fig. 1). No sig-
nifi cant feature can be seen at the expected wavelength of D ☞ .
In particular, narrow lines similar to those seen in Orion using
the same instrument are absent, further confi rming that the D I
lines reported by H´ebrard et al. (2000a) were not artifacts.
An upper limit on the ratio ✹ (D ☞ ) ✓☎✹ (H ☞ ) in NGC 6572 can
translate into an upper limit on D/H in this object.
3. ✺ (D ✻ ) ✼✽✺ (H ✻ ) in the optically thin case
The optical depth of the Orion PDR in the fi rst Ly(D I) lines is
probably large and the D ☞ flux is not simply related to the D ✾
column density. Conversely, in NGC 6572, D ☞ is not detected
and it can be assumed that the Ly(D I) lines are optically thin. In
the limit of small ✿ (Ly ✬❁❀ ), the theoretical D ☞ flux ❂❄❃❆❅❈❇❊❉✫❋❆●❍☞✟■
will be proportional to D/H and independent of line profi les,























is the width of the line in Hz;
– ❥❭❋❆●❍☞✟■❦✓☎❥❄❋❆❘✫❙❁✬ ❀ ■❧✎♠✡☛✓☎✙✝  is the energy ratio of the D ☞
and Ly ✬ ❀ photons;
– ♥✶♦♣✎q✁✽✥ ✄☛✄✽✷ is the branching ratio of (  ☛r✠✳s✙✱t );
– ✉ is the probability that a Ly ✬ ❀ photon be captured by a













✎ D/H ✞▲❷q✞▲❸❺❹ ❀❼❻ ✓❬❽❭❾ , the number of D ✾ in the
PDR ( ❸❺❹ ❀❼❻ is the PDR mass, ❷ the mass fraction of H, ❽❧❾
the proton mass);
- ⑤ ❀✫④ ✎❿✁❚✥ ✁✝ ✂✯☛✡☎✄✤➀✫✓✤❋❆⑦
✪❶➁
▼ ✕❯❱❬❲☎❳✩❨❬❩✴■ , the mean D ✾ photoexcita-
tion cross section in cm ▼ ( ➀❧✎q✁✽✥ ✁✤✛❬➂✽✷❬  is the oscillator strength
of Ly ✬ ❀ );
- ✍ ❉☛⑧⑩⑨ the average distance of the PDR to the central star in
cm, taken as the mean outer radius of the H ➃ zone.




























which does not depend on ✕✖❱☎❲☎❳✩❨ ❩ .
❂ ❃❆❅✢❇❊❉ ❋❆●◗☞✟■ is to be compared with the H ☞ flux ❂✖❋
➉
☞✟■ . As-



















☞✟■◆✎➙↕❁➛❈✓✂✑☎➜✫➝ is the energy of an H ☞ photon;




✾ (Storey & Hum-
mer 1995) is the ratio of the effective recombination coef-
fi cient of H ☞ to the case B recombination coeffi cient of H




❋❫❘✫❙❁➣❣■ is the number of photons with energy above the
ionization limit of H /s/cm ▼ of the star.





















where ➠ P is the effective temperature of the central star in K.
Eq. 4 is a fi t accurate to 0.1% and 1% in the ranges ✄✽✥ ✁✈➫
➠
P
✓✝✷✢✁✂➢✲➭➯➫➲✯✽✥ ✁ and ✙✽✥ ✡❿➫➲➠ P ✓✤✷✢✁✂➢✲➭➯➫➲✆✽✥ ✁ respectively.
Then, if the whole nebula is observed, ✹ (D ☞ ) ✓☎✹ (H ☞ ) is equal
to ❂→❃❆❅❈❇❊❉✫❋❆●❍☞✟■❦✓☎❂✖❋
➉
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Fig. 1. D/H upper limit in the planetary nebula NGC 6572. The solid
line is the H   line spectrum of NGC 6572 obtain in 1 hour exposure
at CFHT in September 1999. The spectral resolution is ✁✄✂✆☎✞✝✞✟✠✟✞✟
( ✡ 7 ☛✌☞✎✍ ✏✒✑✔✓ ). The maximum flux at the center of H   is ✡ ✝✠✟ on this
scale. The doted line is a Deuterium fluorescence simulated line, with
a flux equal to
☎✖✕✘✗✙✟
✑✛✚ the H   flux and a FWHM = 20 ☛✌☞✎✍ ✏ ✑✔✓ . This
line is not detected, leading to D/H ✜ ✗ ✍ ✢ ✕✣✗✙✟ ✑✥✤ in NGC 6572. Note
the presence of He II 6560.1A˚, centred at ✦ ✗✧✝✞✟ ☛★☞✎✍ ✏ ✑✔✓ .
4. D/H upper limit for NGC 6572
Information about NGC 6572 is taken from Hyung et al.
(1994). The central star shows He II Wolf-Rayet emission and
✩✫✪✖✬ 5 ✭ 10 ✮ K. NGC 6572 is a bona fi de, essentially radiation-
bounded nebula. The mass of the H ✯ zone is 0.1 ✰✲✱ . In more
evolved PNe, a typical mass for the main shell emitting most of
the radiation is 0.2 ✰✲✱ and ✳✵✴✛✶✸✷✺✹✼✻✛✽✿✾❀✰❁✱ . This is in agree-
ment with the value ✻✥✽✿✾✞✻❂✰✲✱ derived by Liu et al. (2000) from
ISO/LWS observations of [O I] 63 ❃ m, [O I] 145 ❃ m and [C II]










In Fig 1 is superimposed on the blue wing of H ❲ a sim-
ulated D ❲ line (dashed line) with flux ❴ ❚❱❯●❲❨❳ = ❵❛✭❜✾✞✻❞❝ ✮ ✭
❴
❚❱❩❬❲❭❳
and FWHM ❅❡❉★✻❣❢◆❤❣✽ ✐ ❝ ▼ . Clearly, the upper limit
to ❴




▼ from H ❲ is He II( ❵ ❥ ❪ ), whose observed intensity
is
✬
✾❂✽ ❪❧✭♠✾✞✻ ❝ ✮✖✭✣❴
❚♥❩❬❲❨❳
, in good agreement with the theoret-
ical value of ✾❂✽ ◗✎✭♦✾✞✻ ❝ ✮♣✭q❴
❚❱❩❬❲❭❳ (Storey & Hummer 1995),
derived from the observed (narrow) nebular component of He II
r
4686A˚ (Hyung et al. 1994). Since He II is easily detected, our




















To our knowledge, this is the most stringent upper limit to D/H
ever found for a PN or a star.
5. Conclusions
We reported on H ❲ and H ⑧ observations of six planetary neb-
ulae performed at the Canada-France-Hawaii Telescope, which
lead to non-detection of the deuterium Balmer lines D ❲ and
D ⑧ . It fi rst confi rms that lines detected in the Orion Nebula
and identifi ed with D ❲ and D ⑧ by H´ebrard et al. (2000a) was
not instrumental artifact, deuterium being expected to be very
depleted in planetary nebulae.
These observations allowed us to put the fi rst upper limit to






✾❂✽ ❘❧✭⑨✾✞✻✛❝ ❖ . Interstellar deuterium abundance
measurments being on the order of ❚❱❯ ❑ ❩●❳⑦⑩✧❶◆❷ ✹❸✾❂✽ ❘❹✭✎✾✞✻◆❝
⑤
, it
confi rms that deuterium is highly depleted in planetary nebulae
and that astration leads to a decrease of D/H along the time.
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Abstract. We present the results of observations of the
λ3130.4A˚ interstellar absorption line of 9Be ii in the direction
of ζ Per. The data were obtained at the Canada-France-Hawaii
3.6m Telescope using the Coude´ f/4 Gecko spectrograph at a
resolving power λ/∆λ≃ 1.1× 105, and a signal-to-noise ratio
S/N ≃ 2000. The 9Be ii line is not detected, and we obtain an
upper limit on the equivalentwidthW3130.4 ≤ 30µA˚. This upper
limit is 7 times below the lowest upper limit ever reported hith-
erto. The derived interstellar abundance is (9Be/H)≤ 7×10−13,
not corrected for the depletion of 9Be onto interstellar grains; it
corresponds to an upper limit δBe ≤ −1.5 dex on the depletion
factor of 9Be.As such, it argues in favour ofmodels of formation
of dust grains in stellar atmospheres.
Key words: ISM: abundances – stars: individual: ζ Per
1. Introduction
Beryllium is created inBigBangnucleosynthesis (BBN)with an
extremely low primordial abundance, (9Be/H)p < 10
−14. Sub-
sequently, it is solely formed in spallation reactions of galac-
tic cosmic rays (GCR) interacting with interstellar C, N, O
atoms, and is thoroughly destroyed through astration of inter-
stellar gas. This simple scenario allows to account for the ob-
served Pop I abundance of 9Be, (9Be/H)PopI ≃ 1.3 × 10
−11
(Boesgaard 1976), the solar abundance (9Be/H)⊙ ≃ 1.4 ×
10−11 (Chmielewski et al. 1975) and the meteoritic abundance
(9Be/H)met ≃ 2.6× 10
−11 (Anders & Grevesse 1989). For this
reason, 9Be together with 6Li, which shares a similar evolution-
ary picture, are used as tracers of cosmic ray spallation activity.
For our present purpose, the main importance of the inter-
stellar abundance of 9Be is related to the physics of formation
of dust grains, through the depletion factor of 9Be, δBe (Snow
et al. 1979). Field (1974) observed a correlation between the
Send offprint requests to: G. He´brard (hebrard@iap.fr)
⋆ Basedonobservations collected at theCanada-France-Hawaii Tele-
scope, Hawaii, USA.
underabundance of an element in the interstellar medium (ISM)
and the condensation temperature of that element, defined as the
threshold at which half of the gaseous phase has gone to solid
state; this suggests that dust grains were formed under equilib-
rium pressure in late-type giants atmospheres or stellar nebulae.
On the other hand, Snow (1975), noticing a similar correlation
trend between the depletion factors of chemical elements and
their first ionization potentials (except for three elements), sug-
gested that dust grains were formed by collisions in the ISM. In
this case, depletion should increase with time, elements should
be selectively depleted (i.e. the element-to-element depletion
ratio should vary from one line of sight to another and the
amount of depletion should depend on the cloud density. Similar
conclusions have been subsequently reached by Barlow (1978),
and Duley & Millar (1978). This situation is not settled as yet,
since many more observations have revealed that: (i) depletions
effectively vary from sightline to sightline; (ii) but there is no ev-
idence of element-to-element depletions ratio variation (Joseph
1988, and references therein).Aswell, it has been shown that the
condensation temperature may not always be a good indicator
of depletion, most notably with respect to the phosphorus/iron
ratio of depletion (Jura&York 1978). Note that in the above pre-
sentation and all throughout the paper, we only refer to rather
diffuse clouds, and not to denser clouds. In effect, depletion
within cloud discussed here could be quite different from the
denser ones in which the material is probably protected from
grain-disrupting shocks and the density high enough to initiate
species-specific depletion mechanisms.
Beryllium presents the advantage of being a clear element
discriminator of these various approaches. Its depletion factor is
predicted to be≃ −0.2 dex in a correlation with first ionization
potential, and ≃ −1.5 dex in a correlation with condensation
temperature (Snow et al. 1979; Boesgaard 1985). However, 9Be
has never been detected in the ISM so that, its actual depletion
factor is largely unknown.
Here, we report on our observations of the λ3130.4A˚ in-
terstellar absorption line of 9Be ii in the direction of ζ Per. Pre-
vious unsuccessful attempts are discussed in Sect. 2, together
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with our observations; their analysis are discussed in Sect. 3,
and their results in Sect. 4.
2. Observations
No firm detection of 9Be has ever been reported in the ISM
because of the extreme difficulty of this observation. 9Be ii,
the dominant ionization stage of 9Be in the ISM (the first
ionization potential of 9Be is 9.3 eV, and the second 18.2
eV), can only be observed through the resonance doublet at
λ3130.420/3131.066A˚, i.e. in the near–ultraviolet where the
atmospheric absorption is important. On the basis of the cosmic
abundance of 9Be, (9Be/H)cosm ≃ (
9Be/H)met ≃ 2.6 × 10
−11
[(9Be/H)cosm /= (
9Be/H)⊙ cause of the depletion of
9Be by nu-
clear reactions at the bottom of the convection zone of the Sun
(Anders & Grevesse 1989)], the hydrogen column density to-
ward ζ Per, N (H)=1.6×1021 cm−2 (Savage et al. 1977), and a
depletion factor δBe between−0.1 and−2.0 dex, one should ex-
pect a column densityN (Be ii) ranging from 3×1010 to 4×108
cm−2, hence an equivalent width W3130.4 from 900 to 10µA˚.
In this optically thin case, we obtain the column density N (in
cm−2) from the equivalent widthW (in A˚) by the expression:




where f is the oscillator strength and λ the wavelength (in A˚).
The upper limits to the equivalent widths of interstellar 9Be that
have been reported up to now are listed in Table 1.
Our observations were conducted in January 1994 and Oc-
tober 1995 at the Canada–France–Hawaii Telescope, whose al-
titude (4200 m) allows for a good UV transparency. We used
the spectrograph Coude´ f/4 Gecko at high resolving powerR ≃
1.1×105 (equivalently 0.029 A˚, 2.8 km.s−1, or 2.8 pixels). This
spectrograph carries a Richardson image slicer. The detector is
a 2K CCD with a pixel size of 15 µm. Its quantum efficiency
is about 0.7 at 3100 A˚. We took care during the observations to
shift the central wavelength from night to night in order to iden-
tify eventual systematic features on the CCD detector. As well,
thorium-argon lamp calibration exposures were recorded each
night, interspaced with stellar exposures, in order to achieve as
high a level of wavelenght accuracy as possible. This is neces-
sary in that one goes blind looking for a line that may appear
only after all individual spectra have been correctly shifted and
properly averaged. Over the six observing nights, calibration
rootmean square range between 1 and 2mA˚ (i.e. between 1/10th
and 1/5th of a pixel). Flat fields were performed on a platinum
lamp at the beginning and the end of night in order to obtain a
very high level flat field while optimizing the integration time
spent on ζ Per.
3. Data reduction and analysis
The data were reduced using the IRAF and MIDAS softwares.
It was found that scattered light is present in the spectrograph
at a non-negligible level. Moreover, due to the presence of a
cross-disperser (which projects different spectra from different
orders perpendicularly to the dispersion) and to the small inter-
order spacing in the near-UV, there resulted a slight overlap of
the scattered light with observing adjacent orders at the time of
the first run. This overlap was not present during the second run
because of a better adjusting of the spectrograph. Even when
there is an overlap, the scattered light could nonetheless be in-
terpolated, and the remaining background level after removal
did not exceed ≃ 1% in all CCD frames, so that the zero flux
level should be precisely known.
It proved difficult to flat-field the spectra because of the
image slicer device. In effect, the 5 slices of signal are here re-
constructed one on top of another on the CCD, instead of being
spread out perpendicularly to the dispersion. We noticed that
the signal on the CCD was not uniform, meaning that probably
the reconstruction is not perfect. However, this non-uniformity
of the signal might also be due to a non-perfect focussing of the
four separate grating of the mosaic. As a result, a non-negligible
part of the image on the CCD typically had to be dropped off
before flat-fielding and averaging to a single spectrum, in order
to preserve a precise flat-fielding. Before co-adding the different
spectra (aboutfifty of typically 30-45min integration timeeach),
each spectrum was corrected to the heliocentric rest frame. Dif-
ferent statistical filters for co-addition were applied to different
set of spectra, and at the end, the average spectrum showing
the highest signal-to-noise ratio in the vicinity of λ3130A˚ was
kept.
The aspect of the average normalized spectrum of ζ Per in
the λ3130A˚ region is shown in Fig.1. An enlargement of the
final spectrum around the 9Be ii line is shown in Fig.2 where
1σ error bars are also plotted. It is the weighted average of 44
individual spectra, for a total integration time of 25 h. We reach
a signal-to-noise ratio of≃ 2000 per pixel in the vicinity of the
expected line (S/N ≃ 3000 per resolution element).
Only one absorption line in the spectrum of Fig.1 is iden-
tified: the CH line at 3137.53 A˚ (oscillator strength f = 1.2 ×
10−3, Chaffee & Lutz 1977) measured at 3137.706± 0.006 A˚,
i.e. at a heliocentric radial velocity of 16.8 ± 0.6 km.s−1. The
Gaussian full width at half maximum (FWHM) for this line is
38±8 mA˚, and the equivalent width 2.0±0.2 mA˚, correspond-
ing to a column density of 1.9±0.2 ×1013 cm−2 (optically thin
line). During the first run another CH line at 3143.15 A˚ was ob-
served with an equivalent width of 5.9±0.6 mA˚ corresponding
exactly to the f ratio between the two CH lines.
Thewidths of the 4broad spectral features are >∼ 65 km.s
−1,
in agreement with the stellar rotational velocity v.sini = 60
km.s−1, confirming their photospheric origin. The absorption
line near 3133 A˚ is puzzling. Since its position has shifted by
≃ 0.4 A˚ (i.e. ≃ 40 km.s−1) between the two observing runs,
its origin could be instrumental.
The radial velocity of the interstellar CH line found here at≃
16.8 km.s−1 differs slightly from previous measurements with
different atomic or ionic lines at 14 km.s−1 (see e.g.Hobbs 1978
or Welty et al. 1994 and 1996). Nevertheless, the difference is
within the instrumental resolutions.
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Table 1. Previous attempts at detecting interstellar 9Be and upper limits derived. These abundances are not corrected for the depletion of 9Be onto
dust grains.
Authors Targets Equivalent widths Abundances
Herbig (1968) ζ Oph < 2.5 mA˚ < 1.4× 10−11
Boesgaard (1974) 22 stars < 5× 10−11
Chaffee & Lutz (1977) ζ Per < 0.6 mA˚ < 1.3× 10−11
York, Meneguzzi & Snow (1982) ζ Oph < 1 mA˚ < 2× 10−11
York, Meneguzzi & Snow (1982) σ Sco < 1 mA˚ < 1.3× 10−11
Boesgaard (1985) ζ Per < 0.23 mA˚ < 4.8× 10−12
Boesgaard (1985) δ Sco < 0.36 mA˚ < 8.4× 10−12
Baade & Crane (1991) ζ Oph < 0.3 mA˚ < 6× 10−12
This work ζ Per < 0.03 mA˚ < 7× 10−13
Fig. 1. Spectrum of ζ Per. The resolving power is λ/∆λ ≃ 1.1× 105.
The 9Be ii doublet is expected at 3130.6 A˚ and 3131.2 A˚.
We have searched for the 9Be ii lines at these two veloci-
ties. Whatever the velocity is, the detection is not convincing.
However, the absence of detection at such a high signal-to-noise
ratio and resolution translates into a very reduced upper limit
on the beryllium column density.
To obtain this upper limit, we considered that the strongest
9Be line at 3130.420 A˚ has the same FWHM as the CH line.
We assume that it has a depth <∼ 0.1% (the standard deviation
of the pixel’s value in this spectral region is ≃ ±0.05%). The
Gaussian gives then an equivalent width of about 30 µA˚. In
effect, the limiting detectable equivalent width Wlim at 3σ is
given by Wlim ≡
3∆λ
S/N . With our S/N per resolution element
∆λ of ≃ 3000, we obtainWlim ≃ 30µA˚.
We can then deduce an upper limit on the column density. In
this optically thin case, we obtainN (9Be ii) ≃ 1.0× 109 cm−2
(f = 0.3382 for this line, Morton 1991). The spectrocopic data
related to these two lines are known from theoretical calcula-
Fig. 2. Final spectrum of ζ Per enlarged where the the 9Be doublet
is expected. Solid line corresponds to the limiting 30 µA˚ detectable
equivalent width at 3σ (see text).
tions. These lines were already detected in stars revealing no
discrepancies with respect to their f -values. The absorptions
corresponding to this column density are shown as solid line in
Fig.2 at a radial velocity of 16.8 km.s−1 (the result is similar
for a radial velocity of 14 km.s−1).
We assume now that at least 90% of the interstellar beryl-
lium is present in the first ionization stage 9Be ii (Boesgaard
1985). This is supported by the ratios between ionization stages
of others elements. For example, in this same line of sight,
N (Mg i)/N (Mg ii) ≤ 10−2 and N (S iii)/N (S ii) ≤ 10−3
(Snow 1977). Taking the hydrogen column density toward ζ Per
N (H) = 1.6×1021 cm−2 (Savage et al. 1977), we thus deduce
an upper limit of the interstellar abundance for 9Be toward ζ
Per:
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This abundance is not corrected for 9Be depletion onto dust
grains.
4. Discussion and conclusions
Our interstellar abundance of 9Be is at least 35 times less than
the cosmic abundance, (9Be/H)cosm ≃ 2.6 × 10
−11. It corre-
sponds to a depletion factor δBe ≤ −1.5 dex. This is a new and
much more stringent upper limit compared to previous ones
(δBe ≤ −0.4, Boesgaard 1985).
As explained in Sect. 1, our present upper limit largely
favours the Field (1974) model of dust grain formation in stellar
material. In effect, the predicted depletion for the condensation
temperature of 9Be (≃ 1250 K) is ≃ −1.5 dex while the Snow
(1975) model of dust grain formation by chemical trapping pre-
dicts δBe ≃ −0.2 dex.
As already said, the observed absence of selective depletions
among chemical elements on different sightlines (Joseph 1988)
argues also against the model of Snow (1975).
However, the condensation temperature curve might not al-
ways be a good indicator of depletion, since, for instance, P is al-
ways ten times less depleted thanFe although they have the same
condensation temperature (Jura &York 1978). This may be rec-
onciled with the model of Field (1974), if one takes into account
the blocking of P depletion in stellar atmospheres through the
formation of stable molecules (e.g. PN), which would later dis-
sociate in the ISM (Gail & Sedlmayr 1986). Still, Joseph (1988)
has shown evidence of a physical process acting on grains in the
ISM, since the overall level of depletion is found to vary from
line of sight to line of sight. Joseph (1988) proposes that dust
grains are indeed formed in a first stage in stellarmaterial, where
the element-to-element depletion ratios are reproduced; in a sec-
ond stage, grain destruction in passing shock fronts would ac-
count for the overall variation of depletion. In order to preserve
the observed constancy of the element-to-element depletion ra-
tio, Joseph (1988) argues that the most depleted elements are
locked in grain cores,mainly Fe, Si, Ca, and the less depleted are
trapped in the mantles, mainly P,Mg, S. These nonvolatile man-
tles could form in the aftermaths of shocks, and hence protect
the grain core from destruction.
Berylliumfits in this scenario: 9Be ii asMg ii is one valence,
Be, Mg and P have similar condensation temperatures, and fur-
thermore, Be and P have similar first ionization potentials. One
should therefore expect to find beryllium trapped in the grain
mantles, and to observe a strong correlation of the depletion fac-
tors of these elements on various lines of sight. Our upper limit
δBe ≤ −1.5 is indeed in agreement with the depletion factor
δMg ≃ −1.3 dex (Boesgaard 1985) on the same line of sight. Its
discrepancy with the value δP ≃ −0.7 dex (Boesgaard 1985)
could then be associated with the abnormal P/Fe depletion ratio,
i.e. with the undepletion of phosphorus in stellar atmospheres
(see above). We can hope that a future detection of interstel-
lar beryllium will not infirm this scenario since apparently we
should not be far from an actual detection.
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Abstract
We discuss the measurements of deuterium abundances in high redshift quasar absorbers, in the solar system and in the
interstellar medium. We present new results that indicate spatial variations of the deuterium abundance in the interstellar
medium at the level of | 50% over scales possibly as small as | 10 pc, and discuss plausible causes for the origin of these
variations.  1999 Elsevier Science B.V. All rights reserved.
PACS: 95.85.Mt; 98.80.Ft; 26.35.1c
Keywords: ISM: abundances; Cosmology: observations
1. Introduction absence of post-Big-Bang production, deuterium is
slowly destroyed during galactic evolution, as it is
3In the early days of Big-Bang nucleosynthesis entirely burned to He in stars; in particular, Truran
(BBN), starting with Alpher et al. (1948), and until & Cameron (1971) estimated a destruction factor
4the late sixties, the primordial origin of He seemed | 2. Reeves et al. (1973) thus argued that deuterium,
quite plausible, but the site of formation of the other if solely produced in the Big-Bang, would be a
light elements remained slightly mysterious. Reeves monitor of stellar formation. These ideas have been
et al. (1973) argued for cosmological deuterium, and strengthened in the past twenty five years, and
showed that a baryonic density V 5 hardly, if at all, modified: they form the currentb
220.01660.005h (with H 5 100h km/s /Mpc) could picture of the cosmological significance of deuterium0
2 3 4
explain the primordial abundance of D, He, He, and its cosmic evolution.
7
and possibly some Li. And, following calculations Notably Epstein et al. (1976) showed that no
by Truran & Cameron (1971), they argued that in the deuterium should be produced in significant quan-
tities in astrophysical sites other than the Big-Bang.
1E-mail: Martin.Lemoine@obspm.fr Hence, measured abundances of deuterium would
1384-1076/99/$ – see front matter  1999 Elsevier Science B.V. All rights reserved.
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Abstract. We present high-quality HST/GHRS spectra in the
Hydrogen Lα spectral region of Vega and Sirius-A. Thanks to
the signal-to-noise ratio achieved in these observations and to
the similarity of the two spectra, we found clear evidence of
emission features in the low flux region, λλ1190-1222 A˚. These
emission lines can be attributed unambiguously to Fe ii and Cr ii
transitions. In this spectral range, silicon lines are observed in
absorption.
We built a series of non-LTE model atmospheres with dif-
ferent, prescribed temperature stratification in the upper atmo-
sphere and treating Fe ii with various degrees of sophistication
in non-LTE. Emission lines are produced by the combined effect
of the Schuster mechanism and radiative interlocking, and can
be explained without the presence of a chromosphere. Silicon
absorption lines and the Lα profile set constraints on the pres-
ence of a chromosphere, excluding a strong temperature rise in
layers deeper than τR ≈ 10
−4.
Key words: stars: atmospheres – stars: chromospheres – stars:
Sirius; Vega – line: formation – ultraviolet: stars
1. Introduction
On the main sequence, A-type stars are at a juncture point be-
tween hot and cool stars. While hot, massive stars undergo
strong mass loss in fast winds (M˙ ≥ 10−9 M⊙/yr), cool stars
show chromospheric activity connected to their subsurface con-
vective layers.Both phenomena apparently disappear or become
much weaker at spectral type A. Many studies have thus been
devoted to the outer layers of A-type stars to search for indica-
tions of a wind or of stellar activity. Several attempts to detect
Send offprint requests to: T. Lanz
⋆ Based on observations with the NASA/ESA Hubble Space Tele-
scope obtained at the Space Telescope Science Institute, which is op-
erated by AURA, Inc., under NASA contract NAS 5-26555.
⋆⋆ Present address: School of Physics, University of Sydney, NSW
2006, Australia
signatures of weak winds in main-sequence A stars have been
unsuccessful (e.g. Lanz & Catala 1992). Recently, however, a
quite weak, blue-shifted absorption was detected in the Mg ii
resonance lines of Sirius, and interpreted as a wind signature
(Bertin et al. 1995b). A mass loss rate of M˙ ≈ 10−12 M⊙/yr
was derived, consistent with the idea that A-type star winds
are radiatively-driven like the winds of hotter stars. On the cool
side, a limit to chromospheric activity has been set at A7 (Bo¨hm-
Vitense & Dettmann 1980, Marilli et al. 1997, Simon & Lands-
man 1997). The most common diagnostics of chromospheres
and winds are emission features. Therefore, we are not expect-
ing emission lines in A stars, except cases where such lines arise
from the circumstellar environment.
High-quality ultraviolet spectra have become available with
theGoddard High Resolution Spectrograph (GHRS) aboard the
Hubble Space Telescope (HST). Even the core of strong reso-
nance lines, includingH iLα, can be observedwith a reasonably
good signal-to-noise ratio. This makes it possible to investigate
in greater detail the line profile of strong resonance lines. They
are the best tool to probe the outer layers of stars, being indeed
formed very high in the atmosphere. In this respect, Lα is most
interesting because it spans the largest range of depth of for-
mation, from the far wing to the line core. This large variation
in opacity also affects the formation of lines of other elements,
especially close to Lα core. Such lines see a much lower local
pseudo-continuum than lines outside Lα, and will be formed
much higher in the atmosphere than weak lines in other regions.
In Sects. 2 and 3, we will describe our GHRS observations
around Lα of two bright A stars, Vega and Sirius-A. We will in
particular point out the presence of Fe ii and Cr ii emission lines
between 1190 and 1222 A˚. Bertin et al. (1995a) noticed the pres-
ence of emission features around Lα in a Cycle 1 GHRS spec-
trum of Sirius-A, originally recorded to derive the D/H abun-
dance ratio in the local interstellar medium. This prompted us to
repeat and extend these observations to investigate their origin.
An explanation of these emission features is given in the sec-
ond half of the paper. In Sect. 4, we describe our new non-LTE
model atmospheres. We explore and set limits on a chromo-
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Abstract. We present high resolution (∆λ ≃ 3.7km.s−1)
HST-GHRS observations of the DA white dwarf G191-B2B,
and derive the interstellar D/H ratio on the line of sight. We
have observed and analysed simultaneously the interstellar lines
of H i, D i, N i, O i, Si ii and Si iii. We detect three absorbing
clouds, and derive a total H i column density N(H i)=2.4±0.1×
1018cm−2, confirming our Cycle 1 estimate, but in disagree-
ment with other previous measurements.
We derive an average D/H ratio over the three absorbing
clouds N(D i)total/N(H i)total=1.12±0.08 × 10
−5, in disagree-
ment with the previously reported value of the local D/H as
reported by Linsky et al. (1995) toward Capella. We re-analyze
the GHRS data of the Capella line of sight, and confirm their
estimate, as we find (D/H)Capella = 1.56± 0.1 × 10
−5 in the
Local Interstellar Cloud in which the solar system is embedded.
This shows that the D/H ratio varies by at least ∼ 30% within
the local interstellar medium.
Furthermore, the Local Interstellar Cloud is also detected
toward G191-B2B, and we show that the D/H ratio in this com-
ponent, toward G191-B2B, can be made compatible with that
derived toward Capella. However, this comes at the expense of a
much smaller value for the D/H ratio as averaged over the other
two components, of order 0.9 × 10−5, and in such a way that
the D/H ratio as averaged over all three components remains at
the above value, i.e. (D/H)Total = 1.12× 10
−5.
We thus conclude that, either theD/H ratio varies from cloud
to cloud, and/or theD/H ratio varies within the Local Interstellar
Cloud, inwhich the Sun is embedded, although our observations
neither prove nor disprove this latter possibility.
Key words: stars: individual: G191-B2B – ISM: abundances –
ISM: atoms and ions – cosmology: observations – ultraviolet:
ISM
Send offprint requests to: A. Vidal-Madjar
⋆ Based on observations with the NASA/ESA Hubble Space Tele-
scope, obtained at the Hubble Space Telescope Science Institute which
is operated by the Association of Universities for Research in Astron-
omy Inc., under NASA contract NAS5-26555.
1. Introduction
Deuterium is only produced in primordial Big Bang nucle-
osynthesis (BBN), and destroyed in stellar interiors (Epstein,
Lattimer & Schramm 1976). Hence, any abundance of deu-
terium measured at any metallicity should provide a lower limit
to the primordial deuterium abundance (Reeves et al. 1972).
Deuterium is thus a key element in cosmology and in galactic
chemical evolution (e.g., Steigman, Schramm & Gunn 1977;
Audouze & Tinsley 1976; Vidal-Madjar & Gry 1984; Boes-
gaard & Steigman 1985; Olive et al. 1990; Vangioni-Flam &
Casse´ 1995; Prantzos 1996, Scully et al. 1997). The primordial
abundance of deuterium is indeed the best probe of the baryonic
density parameter of the Universe ΩB , and the decrease of its
abundance with galactic evolution traces, amongst other things,
the amount of star formation.
The first, although indirect, measurement of the deuterium
abundance of astrophysical significancewas carried out through
3He in the solar wind, leading to D/H≃ 2.5±1.0×10−5 (Geiss
& Reeves 1972), a value representative of an epoch 4.5 Gyrs
past. The first measurements of the interstellar D/H ratio, repre-
sentative of the present epoch, were reported shortly thereafter
(Rogerson&York 1973). Their value of D/H≃ 1.4±0.2×10−5
has not changed ever since. The most accurate measurement of
the interstellar D/H ratio was reported by Linsky et al. (1993,
1995, hereafter L93, L95) in the direction of Capella, using
HST-GHRS, D/H≃ 1.6± 0.1× 10−5 (statistical + sytematic).
Up to a few years ago, these measurements were used to
constrain BBN in a direct way. The situation has changed, as
measurements of the D/H ratio in metal-deficient quasars ab-
sorbers, at moderate and high redshift, have become available
(e.g., Carswell et al. 1994; Songaila et al. 1994; Tytler, Fan &
Burles 1996;Webb et al. 1997; Burles&Tytler 1998a,b; see also
Burles & Tytler, 1998c for a review). However, these observa-
tions have not provided a single definite value of the primordial
D/H ratio. At the present time, it is not knownwhether the higher
estimates of the primordial D/H ratio reported are artifacts due
to the mimicking of the D i line by an H i interloper, or whether
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ABSTRACT
The Far Ultraviolet Spectroscopic Explorer satellite observes light in the far-ultraviolet spectral region, 905–1187
A˚ , with a high spectral resolution. The instrument consists of four co-aligned prime-focus telescopes and Rowland
spectrographs with microchannel plate detectors. Two of the telescope channels use Al : LiF coatings for optimum
reflectivity between approximately 1000 and 1187 A˚ , and the other two channels use SiC coatings for optimized
throughput between 905 and 1105 A˚ . The gratings are holographically ruled to correct largely for astigmatism and
to minimize scattered light. The microchannel plate detectors have KBr photocathodes and use photon counting to
achieve good quantum efficiency with low background signal. The sensitivity is sufficient to examine reddened
lines of sight within the Milky Way and also sufficient to use as active galactic nuclei and QSOs for absorption-
line studies of both Milky Way and extragalactic gas clouds. This spectral region contains a number of key scientific
diagnostics, including O vi, H i, D i, and the strong electronic transitions of H2 and HD.
Subject headings: instrumentation: spectrographs — space vehicles — telescopes — ultraviolet: general
1. INTRODUCTION
The Far Ultraviolet Spectroscopic Explorer (FUSE) is a
NASA astronomy mission, developed in cooperation with the
Canadian Space Agency and the Centre National d’Etudes Spa-
tiales of France, that is exploring the far-ultraviolet (FUV) uni-
verse from 905 to 1187 A˚ with high spectral resolution. FUSE
was launched 1999 June 24 on a Delta II rocket. Early Release
Observations, which are the basis of the Letters in this issue of
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North Charles Street, Baltimore, MD 21218.
2 Center for Astrophysics and Space Astronomy, Department of Astro-
physical and Planetary Sciences, University of Colorado, Campus Box 389,
Boulder, CO 80309.
3 Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive,
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4 Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138.
5 National Optical Astronomy Observatories, P.O. Box 26732, Tucson, AZ
85726.
6 Laboratoire d’Astronomie Spatiale, B.P. 8, 13376 Marseille Cedex 12,
France.
7 ISO Data Center, ESA Astrophysics Division, P.O. Box 50727, 28080
Madrid, Spain.
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9 Princeton University Observatory, Princeton, NJ 08544.
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11 Center for EUV Astrophysics, University of California, Berkeley, 2150
Kittredge Street, Berkeley, CA 94720.
12 Deceased.
13 Laboratory for Astronomy and Solar Physics, NASA Goddard Space
Flight Center, Code 681, Greenbelt, MD 20771.
the Astrophysical Journal, began in 1999 October, and regular
science operations commenced in 1999 December.
After the decommissioning of the Copernicus mission
(Spitzer & Jenkins 1975) in 1981, it was clear that a follow-
up mission with a much higher sensitivity and a velocity res-
olution comparable to or better than that of Copernicus (∼15
km s21 FWHM)25 was highly desirable. The utilization of mod-
ern detectors and mirror technology opens the spectral bandpass
from the short-wavelength cutoff of the Hubble Space Tele-
scope (HST) down to the H i photoionization limit at 912 A˚
for observations at distances far beyond the ∼1 kpc limit for
routine Copernicus measurements. FUSE received strong sup-
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South Ellis Avenue, Chicago, IL 60637.
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Victoria, P.O. Box 3055, Victoria, BC V8W 3P6, Canada.
22 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD
21218.
23 Swales Associates, 5050 Powder Mill Road, Beltsville, MD 20705.
24 Present address: Swales Associates, 5050 Powder Mill Road, Beltsville,
MD 20705.
25 FWHM of a spectral profile. All resolution widths are FWHM unless
specifically stated otherwise.
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ABSTRACT
The Lyman and Werner band systems of deuterated molecular hydrogen (HD) occur in the far-UV range below
1120 A˚ . The high sensitivity of the FUSE mission can give access, at moderate resolution, to hot stars shining
through translucent clouds in the hope of observing molecular cores in which deuterium is essentially in the
form of HD. Thus, the measurement of the HD/H2 ratio may become a powerful new tool to evaluate the deuterium
abundance, D/H, in the interstellar medium. We report on the detection of HD toward the high-extinction star
HD 73882 (EB2V = 0.72). A preliminary analysis is presented.
Subject headings: ISM: abundances — ISM: clouds — ISM: lines and bands — ISM: molecules —
ultraviolet: general
1. INTRODUCTION
It has long been recognized that the primordial abundance
of deuterium represents the most sensitive probe of the baryonic
density in the universe (see, e.g. Schramm & Turner 1998;Qb
Olive, Steigman, & Walker 1999). Moreover, the abundance
of deuterium at any epoch is a lower limit to its primordial
abundance since deuterium is destroyed solely in stars of any
mass. Therefore, D/H is also an efficient tracer of the universal
star formation rate. However, the evolution of the deuterium
abundance from zero to solar metallicity is still unclear.
Measurements of the atomic (D/H) ratio have been per-
formed in different astrophysical sites, namely in moderate- to
high-redshift quasar absorbers, in the presolar nebula and in
the local interstellar medium (for reviews, see, e.g., Ferlet &
Lemoine 1996; Linsky 1998; Vidal-Madjar, Ferlet, & Lemoine
1998; Lemoine et al. 1999). These studies indicate that D/H
may vary within the local interstellar medium by a factor as
high as ∼2 over spatial scales of a few tens of parsecs (Vidal-
Madjar et al. 1998; Jenkins et al. 1999; Sonneborn et al. 2000),
while presolar and quasar absorbers’ D/H abundances are lim-
ited by the existing scatter in the results.
Deuterated molecules are another means of estimating the
deuterium abundance. To date, over 20 single D-bearing species
and two doubly deuterated molecules, D2CO and ND2H, have
been observed at radio frequencies, both in cold interstellar
dark clouds and in warmer star-forming regions (see, e.g.,
Roueff et al. 2000). Chemical fractionation takes place in cold
regions, however, and mantle desorption of grains is often in-
voked in star-forming regions. Deriving accurate deuterium
fractional abundances using these molecules is therefore very
difficult.
Recently, the R(2) transition at 37.7 mm of HD has been
detected with the Infrared Space Observatory (ISO) in giant
1 Institut d’Astrophysique de Paris, CNRS, 98 bis Boulevard Arago, F-75014
Paris, France.
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4 De´partement d’Astrophysique Extragalactique et de Cosmologie, Obser-
vatoire de Paris, F-92195 Meudon, France.
5 Center for Astrophysics and Space Astronomy, Campus Box 389, Uni-
versity of Colorado, Boulder, CO 80309.
6 Department of Astronomy and Astrophysics, University of Chicago, 5640
South Ellis Avenue, Chicago, IL 60637.
planets (Feuchtgruber et al. 1999) and the pure rotational
line at 112 mm toward the Orion Bar (Wright et al.J = 1 r 0
1999). Bertoldi et al. (1999) have also detected the excited
rotational line at 19.43 mm of HD in Orion KL, aJ = 6 r 5
molecular outflow region. Although ISO thus opened the sky
to HD emission, the derived column densities depend strongly
on the modeling of HD excitation and on extinction corrections.
With Copernicus, H2 and HD molecules were observed in ab-
sorption in the ultraviolet in diffuse interstellar clouds such as
that toward z Oph (Wright & Morton 1979). However, the low
HD/H2 value found (a few times 1027 to a few times 1026)
reflects the mostly atomic nature of these diffuse clouds; to
determine the D/H ratio from these data requires a detailed
model of the formation and of the destruction of HD.
Because of its high throughput, the Far Ultraviolet Spec-
troscopic Explorer (FUSE; Moos et al. 2000) can give access
to denser molecular clouds within which one might expect H
and D to be essentially in their molecular form. If so, no chem-
ical fractionation correction will be required, and accurate deu-
terium abundances could result directly from the measurement
of the HD/H2 ratio. In § 2, we present FUSE observations of
HD in the translucent cloud in front of the star HD 73882 along
with the data reduction and analysis. A companion Letter by
Snow et al. (2000) describes the H2 observations. A preliminary
discussion is given in § 3, while some conclusions are drawn
in § 4.
2. FUSE OBSERVATIONS OF HD 73882
Twenty-seven years after Copernicus, FUSE was success-
fully launched on 1999 June 24 from Cape Canaveral. It has
a sensitivity in the wavelength range from slightly below the
Lyman limit (905 A˚ ) to 1187 A˚ , about 104 times that of Co-
pernicus (Moos et al. 2000). The higher throughput comes
about because of a guider that can be used for fainter stars and
an array detector instead of a scanning photomultiplier tube.
Many absorption lines from different rotational states of H2
and HD are available within that range.
The bright early-type (O8.5 V) star HD 73882 at about 925
pc has been the first target shining through a translucent cloud,
with a reddening EB2V = 0.72 or (note that EB2V ∼A = 2.44v
0.3 and were the highest values observable by Coper-A ∼ 1
v
nicus), to be observed with FUSE in the time-tagged mode,
for a total integration time of .7 hr between 1999 October 30
and 31. At this time, the spectrograph was still unfocused,
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NO DIFFUSE H2 IN THE METAL-DEFICIENT GALAXY I Zw 18
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ABSTRACT
The metal-deficient starburst galaxy I Zw 18 has been observed with the Far Ultraviolet Spectroscopic Explorer
(FUSE) in a search for H2 molecules. The spectrum obtained with an aperture covering the full galaxy shows
no absorption lines of diffuse H2 at the radial velocity of the galaxy. The upper limit for the diffuse H2 column
density is found to be very low, cm22 (10 j), unlike our Galaxy where H2 is generally present for15N(H ) & 102
even low H i column densities. Although the H i column density here is as high as N(H i) ≈ cm22,212 # 10
we observe 2N(H2)/N(H i) K 1026. We cannot exclude the possibility that some H2 could be in very dense, small,
and discrete clumps that cannot be detected with the present observation. However, the remarkable absence of
diffuse H2 in this metal-poor galaxy can be explained by the low abundance of dust grains (needed to form this
molecule from H atoms), the high ultraviolet flux, and the low density of the H i cloud surrounding the star-
forming regions. Thus, having eliminated diffuse H2 as a significant contributor to the total mass, it appears that
the gas of the galaxy is dominated by H i and that the high dynamical mass is not composed of cold and diffuse
baryonic dark matter.
Subject headings: galaxies: abundances — galaxies: dwarf — galaxies: individual (I Zw 18) —
galaxies: ISM — ISM: molecules — ultraviolet: galaxies
1. INTRODUCTION
I Zw 18 (Mrk 116) is a dwarf blue compact galaxy presently
experiencing a strong burst of star formation that has produced
a pair of bright H ii regions. This galaxy has the smallest known
abundance of heavy elements that are derived from the ionized
gaseous component. Its oxygen abundance is only ∼1/50 of that
of the Sun. The distribution and kinematics of neutral hydrogen
derived from aperture-synthesis observations have been dis-
cussed in several works. These works have derived H i masses
in the range of and dynamical masses in the7(3–7) # 10 M,
range of (Lequeux & Viallefond 1980; Vial-8(3–9) # 10 M,
lefond, Lequeux, & Comte 1987; van Zee, Westphal, & Haynes
1998). Van Zee et al. (1998) have emphasized the complexity
of the H i velocity fields, while Martin (1996) and Petrosian et
al. (1997) have discussed the ionized component. It has been
suggested that objects with a localized massive star formation
surrounded by large H i envelopes might contain a significant
reservoir of molecular hydrogen. Such material could represent
a significant fraction of the dark matter (Lequeux & Viallefond
1980). Attempts to detect CO in H ii galaxies have so far been
unsuccessful (Combes 1986; Young et al. 1986; Arnault et al.
1988; Sage et al. 1992; Israe¨l, Tacconi, & Baas 1995; Gon-
dhalekar et al. 1998). This lack of detection does not necessarily
imply a lack of H2; the CO excitation could be lower than for
molecular clouds in our Galaxy, or CO might be more photo-
1 Institut d’Astrophysique de Paris, CNRS, 98 bis Boulevard Arago, F-75014
Paris, France.
2 De´partement de Matie`re Interstellaire et Radioastronomie Millime´trique,
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3 Department of Physics and Astronomy, Johns Hopkins University, 3400
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France.
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Center, Code 680, Greenbelt, MD 20771.
6 Department of Astronomy and Astrophysics, University of Chicago, 5640
South Ellis Avenue, Chicago, IL 60637.
dissociated than H2, but perhaps most importantly, C and O are
highly underabundant in these metal-deficient galaxies. The lack
of detectable molecular material also has other important im-
plications for galaxies like I Zw 18. Given the chemically un-
evolved nature of I Zw 18 and its lack of organized gas dynamics
and/or spiral arms, it is unclear where and how this galaxy formed
the molecular gas thought to be required to form the current
generation of young stars.
Therefore, we observed I Zw 18 with the Far Ultraviolet
Spectroscopic Explorer (FUSE; Moos et al. 2000) with the aim
of detecting cold molecular hydrogen lines in absorption
against the stellar continuum of blue massive stellar clusters.
In § 2 we describe the observations and the data analysis; the
results are discussed in § 3.
2. DATA ANALYSIS
I Zw 18 has been observed for 31,600 s on 1999 November
28 with FUSE through the two LiF channels (∼ 980–1187 A˚ ).
The large entrance aperture ( ) has been used, fully′′ ′′30 # 30
covering the galaxy. The data have been processed with the
pipeline version 1.5. The spectral resolution is defined by both
the instrument and the size of the galaxy (100). We find a
resolution of about with a signal-to-noise ratiol/Dl ∼ 10,000
(S/N) of ∼10 per resolution element.
Many absorption lines are clearly detected. They correspond
to the three main components at different radial velocities: 2260,
2100, and 650 km s21. These can easily be identified with the
known high-velocity cloud at 2160 km s21, the clouds within
the Galaxy expected at low radial velocity, and I Zw 18 itself
with a redshift of 750 km s21. We thus conclude that there is a
systematic wavelength shift in the whole spectrum corresponding
to a blueshift of about 100 km s21, respectively. This systematic
wavelength shift can be explained by the preliminary wavelength
calibration of FUSE and by the position of the target possibly
off-center of the slit. All the velocities quoted below refer to the
↔ ❊❀❜
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